
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

ADB012970

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
only; Test and Evaluation; MAR 1976. Other
requests shall be referred to Air Force Flight
Dynamics Laboratory, Wright-Patterscai AFB, OH
45433. This document contains export-controlled
technical data.

AFWAL ltr, 12 Dec 1986









UinASSIEIED 
MCUWITY CLAlSiriCATlOM Or THIS f AGE rWhtr Dmlt Bnfrtd) 

AFFTC-TR-76 

«.   TITLE (md Subllllm) 

REPORT DOCUMENTATION PAGE 

17 
I, OOVT ACCCUION MO 

Handling CXalities and Stability Derivatives 1 
of the X-24B Research Aircraft,      -————^ 

J 

X   Tv't OF *tPO*T • P tär~.—TT- 
^.xnal 

kuTHami. 

Christopher J 
Paul wJKirs 

*     PERFORMING ORGANIZATION NAME  AND ADDRESS 

Deputy Oatmander of Operations 
Air Force Flight Test Center 
BdwarJU AFB, CA 93523 

II.   CONTROLLING OFFICE NAME AND ADDRESS 

ASD/FXS 
Wright-Patterscai AFB, Ohio 45433 7/ 

14.   MONITORING AGENCY NAME *  ADDRESS»/<HH»f«n( Inm CctllnlUnt Olliet) 

READ INSTRUCTIONS 
BEFORE COilPLETINO FORM 

J     RECIRIENT'S CATALOG NUMBER 

ERIOO COVERED 

,       /   /I't*-*.    / 
«.    RERFORMINO ORO. RERORT NUMl 

t.    CONTRACT OR GRANT RSBRRftJ 

10.   RROORAM ELEMENT. RROJECT. TASK 
AREA * WORK UNIT NUMdERS 

JON 1366flO 
I».   REPORT QATl 

" NUUHR BP PASIs' 
275 

IS.   SECURITY CLASS, (ol Ihlm npott) 

UNCLASSIFIED 

ISa.   OCCLASSIFICATION/OOWNORAOINO 
ICHKCULE 

I«.   DISTRIBUTION STATEMENT (ol MMt Htporl) 

Distriixition limited to U.S. Government agencies only (Ttest and Evaluation), 
March 1976. Other requests for this document must be referred to AFTDMFXS), 
Wright-Patterson AFB, Ohio 45433 

» i 1 
.U Nd/ 

17.   DISTRIBUTION STATEMENT (ol Ml« akclrael tnlond In Block 20, II mllotonl horn Hoporl) Cr 

II.    SUPPLEMENTARY NOTES 

It.   KEY WORDS (Conllnuo an ravaraa old» II nocoooary md Idontlly kr Wo«» tnmboi) 

-r- ̂  v) 

v, \ 5 ■':' 
X-24B research vehicle lifting body 
glidfe fli^it flight, test wind tunnsl 
handJ|JUig qualities fljdnj "qualities stability and control 
p^lrtineter idenUfication -flight control system liMt cycle 

10.   ABSTRACT (CanHmia an nworn jju II waaaaaiy mi Honlity ty mOk mmtu) 

^>rhis reports presents the handling qualities and stability derivatives of the 
X-24B research aircraft. Handling qualities were excellent for the subsonic 
flight and the approach and landing task. For transonic and supersonic flight, 
the rocket engine had a significant effect on flying qualities. Handling 
qualities with the rocket engine off were adequate to good. Power-on flying 
qualities were degraded by low directional stability. Roll and pitch control 
was adequate or good for all phases of flight. ^ 

DO   I JA""™   W3        «OITIOM OF I NOV •■ K OBSOLETE UNCLASSIFIED 
SKCUNITY CLAUIFtCATlOM OF THIi PMt fKS WSR 6fn0 

OIX   /DO 

.«    « 

\ 

7S 

"W,  i»!  IMi»Ji|H).i!|l,, 



IlMmjkggTPTC-n 

4 
HCUWITY CLA«»IFICATION OF THIt PM*(WhmDf lAMrMO 

Blcxdc 19 continued: 

rocket powered aircraft 
structural resonance 

Block 20 continued: 

simulation derivative extraction 

Predictions of the stability derivatives were accurate in most cases. Long- 
itudinal stability derivatives were lower than predicted subsonically but 
agreed well at transonic and most sipersonic Mach mmbers. Sideslip deriva- 
tives agreed well except for the subsonic, mid-angle of attack range, where 
directional stability was higher than predicted, and the supersonic, mid-angle 
of attack range, where directional stability was lower than predic&ad. Power 
effects fron the rocket engine produced significant degradations in sideslip 
derivatives. Control derivatives were equal to or slightly higher than pre- 
dicced except for yaw-due-to-aileron, which was lower than wind tunnel esti- 
mfites. Damping derivative data were scattered but generally agreed with pre- 
clight calculations. 

' •*-i. 

»cumrv cvAUincATioN OF THIS PMVmtm DM« ■*(«•« 

 ' —■ 

"■<»J'y,;»»r^'^Pt^'«^*ww«n 

-i*^" 





« ^..^w^.,.,. . 

PREFACE 
This report is wrltf«»n 

program of  the  X-24B  research ITrcrifr^nti  documenting th*  flight test 
gram are detailed  in references 1    ?    I ^er **?*<** of tl.» test pro- 
accomplished in a  joint JffS? between Jhei'     I** X-24B pro^^ waS 
Laboratory   (AFFDL) ,   the Air PorclpUah^ Af r^Porce Flight Dynamics 
National Aeronautics and Space JdJnt!?    !f8t Center   (AFFTC)   and the 
Center   (NASA-DFRC) .     Pa?tfSip^ion J"^^0^^^611 Fli9ht R^^ 
by Project Directive   73-87 aSd waS acco'mplL'h^ Ä^oriaJ^1^ 

the ^^"tJi'S.JjB^r^ X^f8 0f r0ple who contributed to 
by members of AFFDL,  AFFTCrSrNAsI-DFRC^^ and cooPe"tion exhlbUed 
Sn/^^6 Pro9rams.     Speciarack^wledoLfnr6 5" an excellent model 
tended to those who contributed tnTh! Huf^ a,?d aPP^ciation are ex- 
Mr.  David F.  Richardson deter^inlS ^    Publication of this report. 
X-24B and is responsible for SpendixB^^^1^1  trin CU^K for the 
some of the handling qualities an«?„- Sapt*   Dennis Penka performed 
techniques discussed in AppendiJ? ^M *"? d*yel°Ped the wind SST 
many of the flight  test dSSSuvSi f^J f' ^ U™8™™  extracted 

1^ — ""-mxmqWT" 
i.t,5IR- 

^^--^w^r" 
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INTRODUCTION 
Program Oncription 

The task of designing an aircraft with reasonable hypersonic, super- 
sonic, and subsonic performance is difficult, but when the additional 
^UireI!,eüt 0f ade(3uate stability and good handling qualities is given, 
f.L K K^U

1
"
68
 * formidable challenge.  The FDL-8 aerodynamic shape, 

I^VK S.H?6 X"24B evolved' was designed to address this challenge, 
and the X-24B program proved the success of {Ji* design at subsonic and 
supersonic flight conditions. 

»„/. oceMX~24? fr?^ !119!^ tests were conducted between 1 August 1973 
M im ^.Tr^Mi??5; ?e barC r?search fl^ht  ProgriS was primarily aff iTicremeivtai -mfch  number and angle of attack envelope expansion 
program requiring 6 glide flights and 24 powered flights. A typical 
mission began after launch from an NB-52B mothership.  The rocket 
Snn W^f united, and the aircraft accelerated to the planned maximum 

alrcraS^id^ h^w^' i**?**  the rOCket engine was «^ down, the aircraft glided back to a landing on the Rogers Dry Lake. The total 
time for each powered flight was about seven minutes of which from 
andedPr?„f^ra

mfnl?te8.Yere devoted to handling qualities, performance, 
and derivative extraction maneuvers. After completion of the 30-fliqht 
research program, 6 additional glide flights w re flown to checkout 3 
new pilots. 

Two of the key objectives of the test program were:  (1) to evaluate 
the aircraft's handling qualities and  (2) to assess the abilUy of 
i«S nfe^r-10n t60!™^6? to accurately predict the flight character- 
istics of this unusual aerodynamic shape. An overview of the flight 
test program is presented in reference I.1 

„^T?i8 "P0^ wil1 discuss the X-24B handling qualities, which were 
good in most areas. Stability derivatives, which were extracted from 
flight test data, will be presented along with the corresponding wind 
aS^L^^  i0S8;  ^ fiigh^ contro1 astern and its performance will also be discussed in some detail. 

V thicU OfterlirtlM 

Aaro^yiiomU Shay 

^    KThe
J

Xr^4B yas^a Piloted,  rocket-powered research aircraft with a 
£Sv I/S!' f1"1^™'   ^The sweep of the planform was 780 on the fore- 
f^ur^Mnn wfirCJafJ Ti 72    0,? the aft Po*^™-    The double delta con- 
lonaI?ud?nar«^M?^    K0 Proyide^e required static margin for adequate 
longitudinal  stability by moving the aerodynamic center of pressure aft. 

yK?Jnr»2-e Eü Armstrong'  Johnny G.,  Flight Planning and Conduct of the 
^7    ? *?Search Aircraft Flight Test Proqgam.  m&m=1tt   Or ggfe» 
Hignt Test Center, Edwards^APÖ, ÜalifoJnia,   to be published? 

} 

" 

' 
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The aircraft featured a flat bottom for increased hypersonic lift-to- 
drag ratio, with a 3° forebody ramp for hypersonic trim.  The aircraft 
sides were sloped at 60° to maintain heating predictability and to add 
negative dihedral effect.  The top of the aircraft was rounded and con- 
nected the two slanted sides.  Directional stability was provided by 
two outboard vertical fins and a center fin.  In addition to directional 
stability, the outboard fins also contributed a large positive dihedral 
effect.  A three view drawing of the X-24B is shown in figure 1, and 
some typical mass and dimensional numbers are given in table 1.  A more 
detailed discussion of the method of determining mass characteristics 
is contained in reference 1. 

Flight Control S/it«m 

The X~24B control system was basically a modification of the X-24A 
system. Ten surfaces were available for aerodynamic control of the X-24B. 
These consisted of the following:  two upper flaps, two lower flaps, 
two upper rudders, two lower rudders, and two ailerons. These sur- 
faces are depicted in figure 2 . The two upper flaps were moved 
symmetrically as an upper flap bias (6UB).  The two lower flaps also 
moved symrr.c-trically and provided primary pitch control i6eL) .  When the 
lower flaps retracted to zero, pitch control was transferred mechanically 
to tae upper flaps («6^ . All four rudders could be biased symmetrically 
a:-- a rudder bias (5Rp), and only the upper rudders (6r) provided yaw 
control.  The rudder bias differed from a rudder trim in that all four 
rudder biased inward or outward together; the rudder bias did not cause 
a yawing moment on the aircraft. The aileron surfaces could be deflect- 
ed differentially (6a) for roll control or could be biased symmetrically 
(6AB) for additional pitch trimming.  Pilot inputs were provided through 
a conventional center stick for pitch and roll, and rudder pedals for 
yaw.  The aircraft was artificially stabilized in all three axes by a 
triply-redundant, rate-feedback stability augmentation system (SAS). 
The SAS feedback gain for each axis was controlled by the pilot via a 
seven position rotary switch and a zero-gain mode switch.  In addition 
to the pilot and SAS commands, two other inputs were made for yaw con- 
trol. An aileron-to-rudder interconnect was provided to minimize ad- 
verse sideslip during aileron inputs, and, midway through the test 
program, a lateral acceleration feedback system was installed to help 
control steady-state-sideslip at transonic and supersonic Mach numbers 
with the rocket engine on. A complete description of the flight control 
system is included in App^ndix D along with a review of system per- 
formance during the conduct of the flight program. 

Contigurotlpnt 

The aircraft was flown in basically two configurations with minor 
variations on each. The high speed configuration was called the "tran- 
sonic" configuration and was flown with the upper flaps bias at -40°, 
the rudder bias at Qo, and the aileron bias at 70. The low speed or 
subsonic" configuration was used for approach and landing. The biases 

for this configuration were:  upper flap bias at -20°, rudder bias at 
-10°, and aileron bias at 7°.  These two configurations are shown in 
figure 3.  The two configurations provided a trade-off between stability 



ÖAB 
«9 + 610 

F 

6a    - 69 - 610 

6e 63 + 64 
2 

65 - 66 + 67 - 68 6RB. 

6r 

4 

65 + 66 
2 

61 + 62 6U. 

Note:    Arrows Indicate positive deflection 

Figure 2.    Aerodynamic Surfaces and Control Surface Definition. 
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Table 1 

X-24B Dimensions and Mass Characteristics 

Reference Areas and Dimensions of the X-24B Vehicle 

Body - 

Reference pianform area, (ft2) 
Reference length, (ft) 
Reference span, (ft) 

Aspect ratio (basic vehicle), |_ 

Center vertical fin, (airfoil stabiliser) - 

Area, (ft2) 
Mean aerodynamic chord, (in) 
Root chord, (in) 
Tip chord, (in) 
Distance between root chord and mean 

aerodynamic oenter, (in) 
Span, (in) 

Outboard vertical fin (airfoil cambered with 
leading edge droop) - 

Area each,(ft2) 
Mean aerodynamic chord, (in) 
Root chord, (in) 
Tip chord, (in) 
Distance between root chord and mean 
aerodynamic chord, (in) 

Span, (in) 

Upper rudder - 

Area each, (ft2) 
Chord, (in) 
Span, (in) 

Lower rudder - 

Area each, (ft2) 
Chord, (in) 
Span, (in) 

Upper flap - 

Area each, (ft2) 
Chord, (in) 
Span, (in) 

330.5 
37.5 
19.0 

1.09 

14.70 
57.90 
73.90 
38.00 

17.30 
38.80 

25.9 
75.7 

101.5 
41.5 

20.8 
50.1 

4.99 
29.60 
24.20 

6.67 
29.60 
34.20 

10.82 
34.10 
45.70 

mmm mk 



Table  1   (Concluded) 

Lower flap - 

Ar«a each»   (ft2) 
Chord,   (in) 
Span.,   (in) 

13.99 
44.90 
44.90 

Typical Mass Characteristics of the X-24B Vehicle 

Empty Aircraft 

Weight   (lb) 
x-cg   (in) 
y-cg   (in) 
z-cg   (in) 
Ix   (slug-ft?) 

(slug-ft2) 
Iz (slug-ft2) 
Ixz   (slug-ft2) 

Full Aircraft 

Weight   (lb) 
x-cg   (in) 
y-cg   (in) 
z-cg   (in) 
Ix (slug-ft2) 
ly (slug-ft2) 
lz (slug-ft2) 
Ixz   (slug-ft2) 

8500 
126.0   (64%) 
-0.5 
22.5 
2700 
23500 
24000 
700 

14000 
136.0   (66.2%) 
-0.8 
28.0 
3200 
25000 
25500 
830 

11 
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i and performance. The subsonic configuration provided thp Uft-to-drag 
r!ti°^!qUired.!:? flare and land the aircraft hu: did not have adequate 
stability for flight at Mach numbers much above 0,7.  The transonic con- 
figuration provided satisfactory stability for transonic and super- 
sonic flight but resulted in inadequate performance for landing,  in 
addition, some perturbations of these configurations were flown durinq 
the test program to assess their effect on handling qualities, perform- 
ance, and stability derivatives.  These included movir-g the rudder bias 
to 5° with -40° upper flap bias, flying with 3° and 11« on the aileron 
bias, and flying with the upper flap bias at -30°.  During the test 
program, the nominal upper flap bias settings were 20°.   25°and 28° These 
various bias settings were used to investigate landing approaches and 
different lift-to-drag ratios.  Intermediate biases served as speed- 
brakes for energy management and glide path control.  A discussion of 
these results is provided in reference 2.2 

2Reference 2: Stuart, John L., Analysis of the Approach.Flare, and 
Landing Characteristics of the X-^4B Research Aircraft. AFI^-TPITV;-9, 
Air Force Fiignt Test Center, Edwards A#6, (JalifSHlTT to be published 
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I 
X-24B     HANDLING 
Gtntral Handlim Qualltlti 

QUALITIES 

The power-off handling qualities of the X-24B were good over most of 
the Mach angle of attack envelope.  Most pilot ratings for X-24B mission 
tasks were between two and four.  Considerable time was spent evaluating 
the SAS-off handling qualities at low Mach numbers, and pilots stated 
that the aircraft flew excellently.  Some degradations occurred during 
the powered portion of flight when the rocket engine caused significantly 
lower levels of directional stability and relatively low values of dynam- 
ic pressure decreased control effectiveness. Figures 4 thru 6 show the 
primary derivatives which reflect the lateral-directional stability of 
the aircraft for three different angles of attack.  The levels of stability 
as the Mach number changes present an excellent picture of the aircraft's 
handling quaxities, and the strong influence of the rocket engine is ap- 
parent.  The two areas of poor handling qualities were the transonic area 
at high angles of attack with the power on and the supersonic area above 
M=1.3 at moderate angles of attack.  Both of these areas were marked by low 
values of Cng and Cn *.3 Pilot rating develops for specific tasks during 

the X-24B mission are summarized in table 2. 

Test MafliMt 

Due to flight profile control requiremencs and the relatively limited 
amount of  tabilized flight time, many of the classical handling qualities 
maneuvers were not performed.  The evaluation of the X-24B handling qual- 
ities was based on a study of time histories and the gathering of pilot 
comments and ratings.^ Parameters describing the aircraft's stability and 
control were displayed in real time and were available for immediate ob- 
servation.   A pilot debriefing was held after each flight and the pilot 
was asked to comment and rate various phases and maneuvers of that flight. 
Pilots tended to evaluate the aircraft based on the ability to control 
angle of attack, heading angle, bank angle, rate of sink, etc.  A good 
correlation could usually be made between the pilot's comments and the 
aircraft time histories. Most of the handling qualities descriptions in 
this report will be done via one or more of these modes of expression. 

PUtt Ratings and MIUIM Tail» 

Since many of the handling qualities discussions in this report are 
enhanced by Cooper-Harper pilot ratings, it is essential to understand 
the tasks for which the pilot ratings were given.  Almost all of the 

3cng* or dynamic Cng is a measure of lynamic dutch roll stability.  Neg- 

ative values of Cnß* are conducive to a non-ocillatory directional diver- 

gence (nose slice) and loss of control.  Cn * includes components of both 

Cng and CJU and is defined by the equation: 
cne* " CngCos a - {Iz/Ix) C£g sin a - (Ixz/Iz)(Cn0 sin a - CÄß cos a) 

Al pilot ratings contained in this report are based on the Cooper- 
Harper scale shown in figure 7. 
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Table 2 

X-24B PILOT RATING 

A 

Launch Transient Recovery 
Pitch  _ 
Roll  

Subsonic Handling Qualities 
Pitch  
RollAaw 

Transonic Handling Qualities 
Pitch 

14»0.6-0.8   
^0.8-1.0  
M=0.8-1.0 with yaw task  
^0.8-1,0 after experience  
Low Dynanic pressure  

RollAaw 
»=0.6-0.8   

3.0 
3.0 

2.5 
2.0-2.5 

.2.0-2.5 
3.0-3.5 
_4.0 
2.0-2.5 

 0.5-1.0 degraded 

Transonic sideslip excursions (power-on)  
Transonic sideslip excursions after iuprovenent 
(power-on) 
PIO (with aileron deadband)  
t*=0.8-1.0 (power-off)  

Supersonic Handling Qualities 
Pitch  
Itoll/Yaw (power-on) 

Final Approach and Landing 
Flare .  
Landing   
Ground handling 

.2.0-2.5 

.4.5-6.0 
_2.5 

 4.0 
. 2.0-2.5 

2.0-2.5 
_6.0 

1.0-2.0 
2.0-3.0 
— 3.0 

' 
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AOCOUftCY  FOR SELECTED TASK OR 
REQUIRED OPERATION* D£ AIRCRAFT   CHARACTERISTICS   • 

OtMANDS  ON  THE   PILOT 
IN  SfLECTEO TASK 0« REQUIRED OPERATION* 

Encellent 

Highly   desirable 
PMol compernotion nor a foctof  for 
devred    performance 

Good 

Negligible deficiencies 
Pilot   compentohon   nof   a   factor  tor 
desired    performance 

Fair - Some  mildly 
unpleasant   deficiencies 

Minimal pilot campensolion  required   tor 
desired performance 

Deficiencies 
warrant 

rmprovement 

Mm* but onnoyiog 

deficiencies 
Oesved performance requires moderate 
pilot  compensation 

Moderately obieclionabi« 

deficiencies 
Adequate   performance   requires 
considerable   pilot compensation 

Very obiectionoW« but 

tolerable deficiencies 
Adequate performance requires enttntive 
pilot  compensation 

Impi ovemctil 
mondalor» M Mojor deficii 

Control  will be lost during same portion of required 
operation 

Definition of required operafian involves designation of flight phase and/or subohoses with 
accompanying condition«. 

Figur* 7- Ceop«r-Harp*r Rating Seal* 

PILOT 
pwnwa 

Deficiencies 
require 

improvement 

Adequof« performonce not otiomoble  wim 
Mojor deficiencies       .       moit-Twm tolerable pilot compensalion. 

ContraHobility   not  m  question 
7 

Motor deficiencies      .      Considerable  pilot compensation   is  required 
lor control 8 

Mojor deficiencies     .     In,,M»   P11»'   compensation   is required   to 
retain ' control 

9 
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ratings were based on the tasks associated with the pilot maintaining 
the flight control parameters to achieve the required flight profile 
for each mission.  After launch and engine light, the pilot established 
the specified angle of attack to arrest the descent and to establish 
the desired climb angle.  During the climb, a lower angle of attack 
was maintained between 0.85 and 1.2 Mach nurrber for lateral-directional 
stability reasons.  At about 1.2 Mach number, a low angle of attack was 
established to allow the aircraft to accelerate to the planned maximum 
Mach number for the flight.  During the powered boost portion of the 
flight, maintaining angle of attack was the primary task.  Heading 
corrections, control of uncommand sideslip and roll excursions, and 
controlling the aircraft subsystems were tasks which demanded the 
pilots attention during this time, thereby increasing the difficulty 
of the primary task.  The primary items utilized by the pilot for 
profile and ground track control were angle of attack (or pitch angle) , 
altitude, indicated Mach number, engine burn time, and radio calls 
from the ground controller.  In addition, some stability and control 
maneuvers were performed during this time to obtain data with the 
rocket engine on. 

After the rocket eriine was shut down (or burned out) the aircraft 
glided to "low key" where the landing approach pattern was initiated. 
This deceleration period was the prime time for flight data maneuvers. 
The primary piloting task during this time was to arrive at the desired 
Mach number and angle of attack combinations and to perform stability 
and control, performance, and structural loads maneuvers as required. 
In addition to these maneuvers, the pilot performed energy management 
tasks as recommended by the ground controller.  Just prior to low key, 
ihe configuration change was performed. 

After low key, data maneuvers were curtailed, and the primary task 
was tc oerform a power-off landing.  The landing pattern consisted of 
a 180° turn from the low key position of 20,000 to 25,000 feet.  Air- 
speed was allowed to increase during the turn such that a nominal air- 
speed of 300 knots was established on final approach.  The flare began 
at about 1000 feet above the ground with the aircraft coming almost 
level at 75 to 100 feet.  At 240 knots, the pilot deployed the landing 
gear and touchdown occurred at about 180 knots. 

Occasionally, pilots would rate the handling qualities over a 
time period of sufficient duration for the pilot to assess the overall 
flight characteristics.  Implied in such a rating is the ability to 
control angle of attack, airspeed, bank angle, and/or heading angle 
for profile control, energy management, or other mission task. 

Prtftiikt Shraimr Stuiltt 

An extensive simulator investigation was conducted prior to the 
first flight of the X-24B. The first portion of the simulation effort 
concentrated on designing the portion of the X-24B control system which 
differed from the X-24A control system. The second portion defined the 
predicted handling qualities characteristics and stability boundaries. 
Due to the critical flight profile for this type of aircraft, it is 
extremely important, from a flight safety standpoint, to conduct a 
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thorough preflight simulator investigation to eliminate as many unknowns 
and surprises as possible.  It is also very desirable to maintain a 
large margin between first flight conditions anc1 areas of known instab- 
ilities.  The specific simulation studies performed for the X-24B are 
listed and discussed in detail in Appendix E,  A comparison of flight 
results with these simulator studies is contained in the section entitled 
"Confirmation of Preflight Simulator Predictions". 

Flight Tttt Handling Qullttat 

Launch Tranticnt 

Recovery from the launch transient was always the initial task 
that the pilot had to perform on any X-24B flight.  The lower flaps 
however, were set to provide the desired trim angle of attack after 
launch.  The pilot could then perform a hands-off launch and the air- 
craft would trim at the desired angle of attack.  Most lauches, however, 
were not hands-off, but the pilot did not attempt the transient immediate- 
ly after launch.  Since the X-24B was carried at a low angle of attack 
to insure clean separation, the initial part of the transient was close 
to zero lift.  This was followed by an increase in angle of attack and 
lift as the trim angle of attack was attained.  Sidewash from the B-52 
caused an initial sideslip condition of -2° and a roll-off to the left 
after launch.  Pilots who had never experienced an air launch were 
unanimous in their opinion that it was certainly a surprise.  However, 
a pilot with previous lifting body experience commented after his first 
flight "That's probably the smoothest launch I've ever had on a lifting 
body." Pilot ratings were obtained from the first five launches for 
the task to recover from the launch transient to wings-level flight 
at 10° angle of attack.  Average pilot ratings for this task were 3.0 
for both pitch and roll; no pilot inputs in yaw were required. A time 
history of a typical launch is shown in figure 8.  The heavy weight 
launches performed on powered flights exhibited little difference from 
the lightweight launches. 

Sub»onlc HonJIIng QualltU« (Moch» 0.3 - O.Q  

The subsonic area as defined by this report, will cover the Mach 
number range of 0.3 to 0.6.  Since the configuration change usually 
occurred at about 0.6 Mach number, the handling qualities discussed 
in the section will be for the subsonic configuration.  All flying in 
this area was accomplished in the 64% to 65% eg range.  A discussion 
of longitudinal characteristics during the configuration change will also 
be presented.  Handling qualities with the landing gear down, the 
landing itself, and ground handling will be discussed in the "Final 
Approach and Landing" section. 

Longitudinal 

The longitudinal handling qualities of the aircraft with the 
SAS on were generally good in the subsonic area. Although pitch stability 
was less than predicted (1.0% to 1.5% static margin) and the aircraft 
was slightly less stable than desired, pitch damping and control were good. 
Short perxod frequency and damping ratios were approximately 0.4 cyc/sec 
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and 0.86 respectively.  Average pilot ratings for maintaining angle of 
attack control in this area were 2.5.  Longitudinal trim curves are 
shown in figures Bl and B2. 

The X-24B showed some degradation in longitudinal con 
pitch SAS was turned off. Pilots commented that the stic 
was greater and that overshoots in angle of attack became 
Pilot inputs made through the stick trim system posed no 
normal stick inputs resulted in mild overshoots and small 
pitch oscillations. Pilot ratings for controlling angle 
the pitch damper off were 3.0-4.C. At no time were any 1 
PIO tendencies reported, and pilots agreed that the X-24B 
the pitch SAS off in the subsonic region. 

trol when the 
k sensitivity 
noticeable, 

problems, but 
amplitude 
of attack with 

ongitudinal 
flew well with 

The configuration change was unique since three controls, all with 
major pitching moment effects, were moving at the same time.  The upper 
flaps produced a strong nose down pitch change as they closed from 
-40° to -20°.  Nose up trim changes were caused by closing the lower 
flap and biasing the rudders inward.  A "hands-off" configuration change 
time history is shown in figure 9. The trim change caused by the sur- 
faces moving is apparent. Note the automatic scheduling of the rudders 
and lower flaps sequentially to offset the effect of the upper flap. 
Figure 10 shows a time history of a configuration change where the 
pilot was asked to hold angle of attack.  Pilot ratings for this 
maneuver were 2.0-3.0.  Figure 11 shows the same task performed with 
the pitch SAS off. The pilot rating here was a 4.0.  One comment voiced 
unanimously by the pilots was that the configuration change was easier 
to perform in the aircraft than it was in the simulator. This was pro- 
bably due to a lack of visual and motion cues in the fixed-base simulator. 

The entire Mach/angle of attack envelope of the X-24B was bounded 
at high angles of attack by a pitch up boundary where Cj,^ decreased to 
zero.  In the subsonic area this boundary occurred at about 25° angle 
of attack, much higher than the angle of attack required for operational 
maneuvering. Since the pitchup boundary affected primarily the boost 
portion of the profile, the discussion of the boundary will be deferred 
to the "Transonic Handling Qualities" section. 

L at«tol-D Ifetlon nl  

Handling qualities in the lateral-directional axis were very good 
subsonically and consistently received ratings of 2.0 - 2.5 for the task 
of flying the landing pattern and maneuvering to final approach.  Pilots 
were particularly pleased with the roll response and control, and the 
directional stability.  One pilot remarked, "In fact, there was no roll 
overshoot in the airplane.  If I wanted to stop at 30° (bank angle), 
I stopped it there.   I thought it was a nice handling airplane in roll." 
Another pilot described the roll characteristics as "a very positive 
control and just about the right roll rate for a given stick deflection." 
Directional stability and damping were considered good. Typical dutch 
roll frequencies vtried with dynamic pressure but were on the order of 
0-4 cyc/sec.  SAS-on damping ratios were on the order of 0.26. Character- 
istics of the dutch roll varied directly with the value of Cju (See 
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figures A28 and  A29).  At low angles of attack where C£g was small, 
the dutch roll was a flat, "snaky" type of motion.  When the C^g was 
large, roll-to-yaw ratios associated with an oscillation became larger. 
In the angle of attack range most often flown after the configuration 
change (80-120) the roll damper was the most effective means of 
attenuating the dutch roll oscillations.  Yaw rates generated during 
am oscillation were usually not large because of the high yaw inertia, 
and  consequently the yaw damper contributed little to dutch roll darnping. 
Pi.lots commented that they could see little or no effect of the yaw 
damper. 

SAS-off lateral-directional handling qualities were excellent in 
comparison to previous lifting bodies.  Although some precision in 
the control of angle of attack and bank angle was sacrified, pilots 
were still pleased with the way the aircraft flew.  One pilot's com- 
ments were "It really flew well, you don't see anything in yaw, you 
know, unless you boot the rudder.  You can sit there and fly it and roll, 
and the nifty part was I felt there was some roll damping (aerodynamic) 
in the airplane with the dampers off." Dutch roll damping ratios with 
the SAS off were about 0.11, and the characteristics discussed in the 
previous paragraph are applicable. 

Aileron-to-rudder interconnect ratios for the subsonic configuration 
were investigated on one flight and it appeared that the low schedule 
(see figure D8) was clo?,e to optimum.  The pilot reported however 
that the interconnect ratio was not as critical as earlier simulator 
studies had predicted.  Interconnect values of zero gave only slightly 
degraded roll performance, and no PIO tendencies were exhibited with 
the SAS off.  PIO sensitive areas, predicted by preflight simulator 
studies, were not encountered in actual flight.  This was attributed 
to the fact that the pilots responded more to roll rate than to bank 
angle and also to favorable differences between predicted and actual 
lateral-directional derivatives (see "Lateral-Direction PIO Sensitivity" 
section in Appendix D) . 

From time to time the X-24B encountered buffet in the subsonic 
configuration. The buffet was caused by separation of one or both 
outboard vertical fins (tip fins). The separation boundary was a 
function of both Mach number on angle of attack and is pictured 
in figure 26.  Since the X-24B used the Bare  tip fins as the X-24A, 
it was assumed that the separation boundai  established during that 
program would be valid for the K-24B,  Thii. boundary has been confirmed 
by buffet, hinge moment changes, fin pressure changes, tuft photos, 
and step changes in the values of Cng.  The buffet encountered was 
described by one pilot, "I might mention that up in the 10° angle of 
attack area, there was a noticeable buffet in the airplane, nothing 
like a F-104 buffet when you pull it back hard with takeoff flaps or 
with flaps up, but it was noticeable...." The buffet region was invest- 
igated on several occasions, and no adverse handling qualities were 
reported. 

Trwwtonlc Hondllm QuolItU» (Moch^  0.^ - 1.0)  

The transonic Mach number regime extends from about 0.6 to 1.0 and 
all of this area was flown in the transonic configuration.  Flight 
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at these Mach numbers was almost always of a transient nature, since 
the aircraft was either accelerating or decelerating rapidly.  Evaluation 
time was severely limited and stabilized flight at all but the lowest 
Mach numbers (0.6, 0.7) was never obtained.  Flying in this area was 
done at 6 5-66% e.g. with the power on and 64% e.g. with the power off. 

L on gltudln a I 

Longitudinal handling cualities at Mach numbers of 0.6 to 0.8 were 
similar to those described for the subsonic configuration.  Angle of 
attack control was described as Deing a little better in the transonic 
configuration and this is probably attributable to somewhat higher pitch 
damping (see figures A 2 and A 5 ) .  Pilot ratings for this Mach number 
area were 2.0 to 2.5 based primarily on the ability to capture and 
maintain angle of attack.  Longitudinal trim curves are shown in figures 
B3 through B7. 

Longitudinal handling qualities from Mach 0.8 to Mach 1.0 were 
fair but were degraded by several minor problems.  The first was the 
rapid trim change as the aircraft accelerated or decelerated through 
this area.  The trim change (illustrated in figure 12) made it more 
difficult to control angle of attack or pitch angle, especially if 
other tasks were involved.  About the task to maintain 30° e during the 
boost, one pilot said, "But if a guy was to fly a good solid 6 task, 
and not have to make heading changes and things like that, it would 
still present a bit of a task because we are still getting trim changes. 
Since we changed Mach number in this area, I'd rate that a 3.0 to 3.5." 
On another flight where the pilot was required to perform a yaw trim 
task concurrent with the pitch task, this area was rated 4.5. The pilot 
rating improved to 2.0 to 2.5 during later flights when the pilots had 
flown the task several times and pitch control was the primary task 
being performed. 

The second problem occurred during the portions of powered flight 
where dynamic pressure and airspeed were low. Pilot commented that 
the pitch task became more difficult when the dynamic pressure de- 
creased to approximately 75 psf or below as it always did during the 
climb and acceleration. Pilot ratings for the low dynamic pressure 
area were typically degraaeu .5 to .1.0 from those obtained at higher 
dynamic pressures.  This problem was not encountered during the glide 
portion of the flight since dynaifac pressure was higher. 

Another area of concern, «'.specially on early powered flights, was 
a pitchup predicted at moderately high angles of attack (figure 13). 
The simulator showed a very mild entry into the pitchup region, and 
that control could be maintained several degrees higher than the angle 
of attack at which Cm was zero.  Although pilots never mcintioned 
ein area of instability01 (the pitch boundary was never intentionally 
violated), extrapolated values of flight measured derivatives verified 
its existence (see section entitled "Confirmation of Preflagnt Simula- 
tor Predictions"). The predicted existence of the pitchup boundary led 
to the installation of a stick shaker warning device prior to the first 
flight and close monitoring of angle of attack during all flights.' 
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SAS-off longitudinal handling qualities were again similar to those 
of the subsonic configuration.  The aircraft was lightly damped, and 
overshoots were common during normal maneuvering.  Pilot ratings for 
this condition were not obtained. 

L at«fal- D Irectlo no I 

Lateral-directional handling qualities in the low transonic Mach 
region, power off, were similar to those of the subsonic configuration. 
Directional stability and roll response were considered good and  re- 
ceived pilot ratings of 2.0 to 2.5.  SAS-off handling qualities for this 
area were characterized by lack of precise control of aircraft attitude 
as was noted for the subsonic configuration.  Lateral-directional SAS-off 
conditions were investigated only below a Mach number of 0.8. 

Handling qualities with the rocket engine on were seriously degraded 
by low levels of directional stability.  Figures A38 through A40 show 
the effect of the rocket engine on C£„ and Cnfi.  Flight planning perform- 
ance requirements dictated that the powered boost be flown at high angles 
of attack, and, therefore, all handling qualities investigations in 
the transonic area with the power on were conducted at angles of attack 
greater than 10°.  As these angles of attack increased, the directional 
stability decreased, and the further reduction due to the rocket engine 
could cause Cng to be zero or even negative. The low levels of stability 
were further aggravated by two other phenomena which produced sideslip 
motion. The first was caused by passing through lateral wind shears at 
high climb rates. This caused an uncommanded sideslip and made the 
aircraft appear to be directionally unstable. Wind shears are discussed 
in some detail in Appendix C.  The second problem was a misalignment of 
the rocket engine.  Before the first powered flight an attempt was made 
to align the rocket engine through a slightly offset lateral e.g. 
Measurements made after Flight 25 showed that the engine had been over- 
corrected such that a nose right moment was caused whenever the rocket 
was on. This caused a steady state sideslip of 1° to 3° depending on 
the level of directional stability.  Since this level of sideslip was 
not observed when the rocket engine was off, the power-on aircraft ap- 
peared initially to the pilot to be marginally stable in the directional 
axis. The area of low stability was particularly restrictive at Mach 
0.95 and 12° angle of attack (see figure A40). The low directional 
stability became the limiting factor for high angle of attack flight 
in that region. 

During the latter portion of the flight test program», several im- 
provements were made in an attempt to reduce the sideslip encountered 
in flight.  Since the rudders were very effective throughout the area 
of low stability, an ay feedback loop was added to the flight control 
system after flight 19 to reduce the steady state sideslip.  In the tran- 
sonic area, however, the ay feedback was only partially effective since 
low values of dynamic pressure made the values of ay (and hence the 
fixed-gain rudder signal) small. The biggest improvement, however, 
was the realignment of the rocket engine prior to flight 26.  It is 
worthwhile noting that the engine realignment was only 0.5° but signifi- 
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cant reduction of steadv staf*. -^—u 
rates that the primär?IwM^ las ^lit ^ res"lted-     This  illust- 
engxne  on,   and not  the ^U Si^i^ro^ t^ ^^ ^ 

stabiii^ r^jeTfr^ fit STo] 111^1 *£* thi8 ^ ^-ctlon.! 
craft   r.     feedback and engine  reaH™!2 ^    ^rovements  to  the air- 

jent, flights  thärSel&^^LS^^6 -"f^ence obtained on subselue^nt fJightTthenat91Sereai^r
9^ni,   ?/**°onfldencel 

ratings were improved to 2.5?    airCraft would n°t depart in yaw pilot 

induct o^ir^Ln^^^^Ltl^tv^c^^^^0"^ ^ ^ P"ot 
test program.     On  the  firs? ^Jerld  fl!^?^^"0.?^1119  the  f^ht 
PIO or wing rock during the b^ost ft L?^  ^* Silot "P0^^ a mild 
Pilot comments relating to thS w?n«       \.  angle of «tUck.     Post ilight 
trolling heading a^d Se baSj biS? anal/T:  ^^ no P^blem co2- 
rock problem that  I called ou? S^oS?3    '  l^Lfw^ ^ Vin* 
to dxwrge.     it never felt Ilk« « h.       ^*'       didn t feel it was goina 
was there  and it got my atte^tLn a Je^ J?!" danrroU8 ^tuatiS    9it 
problem,   I would rate it a 4   "    SvLP    ?ime8 Because of this little 
an aileron deadband which is*fur^S?si°» ^ ?* fli^t record! reeled 
for small aileron commands only Sranaronf i" ApPendix *-   Since 
the effective roll SAS aaln h«^ hl      K ?*0n surf«ce had been movino. 
to be.     on the next ai^t^froJrsXl'aai0' ^S ^ Wa8 *™™*™Z* 
"ere   not encountered again.     Roll  rea^n!!      WaS increa''ed ^nd Pio areas 
type of  aircraft  in  this  S^ch  Regime  P Jhe nffnCOn8iC,^eCl g00d  for  ^i« 
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Not o^1^ qth\al^e%%I^l1?ab^iVh^rre ??*?* i**™*' 
engine no longer caused the sSSv f^*.    ^f17' but the misaligned 
"This is essentiall^Se sLT^ea ^ fL^b6?111'-, A pllot con««nted, 
but this  time with the poweToff        %  i ^bufore   CM-.95.  a-120) , 
stability at this pointf? coSld*teii^h!i^tt,ar ^^ the directional 
stability,     it wasno longer a concern Jro^f^"^ in di"ctional 
though the stability is a litti« ?«„ *  from a hazard standpoint.    Even 
Plane was directionallj st^le  «    %£?*'  I COuld feel  th«t the ai^! 
the handling qualitiesy evS ^ modeiaälve;L2enerflly Plea8ed with 

Asked to evaluate the handling g^litll«LJ?5 ^^ ot attack, 
decelerating from Mach iTS IUÄTO Jf    nLl*,*?91**0* attack ^^e 
see at 12° angle of attaov   i«Äv ^ '  one Piiot said,   "what I did 
airplane flies9 li^e I ^äp^S^^r^r* the ^«tor/ SJ 
input,  you can see the bet? sSiS ou?      ^ ^ yOU put in ^ aileron 
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time, as in the tra^sonfc case was 1^°^"^f^ 0! 1-76- Evaluation 
time was not possible ?he center of ^x^6? f?d stabilized cruise was 64% to 65%: center of gravity at these Mach numbers 

Longltudlnpl 

Mach  range0?91^^ pSss'ire's'afthi^ T*t ^^^ in the ^personic 
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but it's real  solid       "    -Fh. «hl««rry ^    h Mach number in this area, 
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Discussing the  trim chanae with llrS n !^9    We.re  the only ^tractors, 
again the'airplLe'fUes^iSly ^^1^;  ^r  XJ? Pil?t 8a.id'   ,,He- 
my 7° angle of attack  this  time      Ynn =M f? ^ felt real *>od about 
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trim it all  the time.     You havTto work at !t    «n^fV^ h*™ t0 

cf attention  just  to  fly angle  of attack* if An^fhi 1?
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more difficult became U  requ^es ^boS^o» ^PitCh S8k WOuld becom6 
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given in this area for the task of m^nJ*   "      12',   A11 r,llot ratings 
2.0  to 2.5.    Pilots Sere  SnäS ?o SeJec? Jiv^f^S6 0f a^aCk Were 

power-on and power-off aircraft in Di^h      ^ difference8 between the 
ated with rocket engine ahStdo^n      ?ai± o?0rPit? ^^^^ were associ- 
1.1,   1.2  and 1.3 show a degrad^ion of pitch st'äbf??^0?.!!^6" 0f 

engine on,  but the  level  of power-on ^fhi??.-     .   111^ wlth the rocket 
for the short period in  this ^If w«r! n  7Uty/iS  Sti11 hi*h'    Frequencies 
for  the aircraft; wUh Jh^SAS on w^re a^^tTe^60 ?nd ff?^ rati08 

curves for this area are shown^nliguSrBB  ^Jöug^S?^^10*1 ^ 

severarpfL^prses^h ^til^i^'^^^t^ ** ^fo^n, 
considered adequate with  a dating ra?iS of ffS*     ^Ch dampin* Wa8 

SAS-off pitch pulses  at Mach numbers of if L*  1  c
After Perforndng two 

"Just a.   the simulator shoSs,   SJe nitch LL^i ^^K?"
6
 
pilot ^"»«nted, 

excellent.     You could  flvThL.^    i d?mPin9 at  this speed is 
out any p^blem." y thi8 airPlane **•** the pitch daJnper off with- 

Lot«f«l-Dlr»ct!enol 

lower supe^on" ^"^^bSS'lnSSSil109 2Uaiitie8 WOre ^ ** 
decreasing directional stabilitv-nHo^J?3 Mach nu,*er8 brought 
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are presented in figureHIh^ShT eVel8 0f dUtCh ro11 8^bllity 
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For supersonic Mach numbers between 1.0 and 1.3,   stabiiity was 

angle of attack with the rocket engine on, directional stability was 
acceptable up to 1.76 Mach number.  But at 70 angle of attack, values 
of Cne* approached zero as the aircraft approached its maximum Mach 
number (figure 5).  The effects of low directional stability were 
especially apparent before the rocket engine was realigned.  Figure 14 
shows a typical time history of sideslip before and after the engine 
realignment.  The three degrees of sideslip shown in figure 14 was 
typical of flight at 7° angle of attack above 1.4 Mach nunber.  Note 
the reduction in sideslip when the engine was shut down.  The amount 
of sideslip generated was a strong function of angle of attack, when 
asked to discuss the handling qualities above 1.2 Mach number at 8° 
angle of attack with the power on (before realignment) , a pilot replied. 
Right above 1.2 no real problem, but as it «hows in the simulator, once 

you get to 1.3, you can start noticing the reduced directional stability. 
And as we got out to 1.5 directional stability was considerably reduced. 
It is definitely less in the airplane than the simulator.  The pilot 
rating out here is based on the pulses at 1,3 and 1.5.  Beta slipped out 
to the left again, and I remember it going out to at least about 3 to 4 
degrees.  I do remember coming in with left rudder to bring it back. 
This area as a result of the pulse, would have to be rated 6.0 in yaw " 
Asked the same question about 5° angle of attack on subsequent flights 
the pilot said, "The airplane is considerably better at 5° angle of 
tt^i.  f^r.^'2,^ it i8 at 70 an9le of attack.  I was very confident 
that beta (sideslip angle) was not going to take off and cause me a lot 
of worry. Beta does move out to the left, just like it has before, but 
it only gets out to somewhere between 1 and 2 degrees.  I got the im- 
pression that that's where it wanted to sit, and it probably wouldn't go 
out anymore.  So once or twice, somewhere in here, I pushed it in with 
the rudder and then didn't worry about it anymore.  I'd rate it some- 
where around 3.0." Flight measured values of Cnft (figures A45 through A48 
confirm these pilot comments. "ß   ^ a ^ » 

The reduced directional stability with power on above 1.3 Mach 
number and 6° angle of attack was not readily apparent to the pilot 
unless he noted the visual sideslip display. There was no uncommanded 
roll mistrim since the dihedral effect at these conditions was negligible. 
Sideforce at the pilot'a station was sufficiently low as to be easily 
unnoticed when concentrating on the task other than directional stability. 
!?ewf?fUCtw0n ln stability was considered a hazard and treated as a 
stability boundary.  In addition to the ay feedback system discussed 
earlier, an audible warning system was mechanized which notified the 
pilot when the sideslip exceeded 3.5 degrees. 

Power-off handling qualities in the supersonic area were improved 
over those with the power on. Again, the removal of the rocket engine 
moment and increased levels of directional stability with the rocket off 
were the primary reasons.  Pilots flew as high as 12° angle of attack 
at Mach 1.4 (aft stick limit) and reported no problems. Most of the 
supersonic time, after engine shutdown, was spent performing data maneu- 
vers, and no lateral-directional handling qualities evaluations were done. 
Pilots, however, never had any complaints about the way the aircraft 
flew supersonically with the power off. 
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SAS-off handling qualities were not investigated  for the super- 
sonic area. 

Final Approach and  Landing ^ 

Handling qualities for both the longitudinal and lateral-directional 
axes were excellent during the  final portion of the flight.     The handling 
qualities of the aircraft compared  favorably with fighter class aircraft 
and  led to  the  first conventional runway  landings  for an aircraft of 
this type.     Pilot  ratings  for  flaring the aircraft ranged  from 1.0  to 
'   ^.     Ratings   for landing the aircraft were 2.0  to  3.0.    One pilot with 
extensive  lifting body experience,  summarized the flare  and  landing 
characteristics  by saying "If we were to look at the airplane  from the 
start of  flare through touchdown,   in the two flights  I've seen,   this ^ 
airplane  is  far superior to any of the other airplanes   (lifting bodies). 
Roll  response was considered good  for heading and b«nk ™f^^*°i' 
and no PIO sensitive areas were ever encountered.    Control effectiveness, 
in general,  was very good down to  the  low airspeeds encountered at 
touchdown.     Some of the specific items which affected the handling 
qualities are discussed below. 

Turbulence was not a problem for the X-24B because of the relatively 
low dihedral  effect.    The response in turbulence was compared  to  an F-104 
and was characterized by small   "choppy"  inputs in sideforce.     Earlier 
lifting bodies had experienced very sharp,  low magnitude roll inputs 
in turbulence.    These were caused by a very high dihedral effect and 
were described by the pilots  as a very uncomfortable feeling that the 
aircraft was  about to roll over.    The low values of €£„ on the X-24B 
eliminated the roll inputs and provided a much nicer flying «^raft in 
turbulence.    This was a very significant improvement over earlier lifting 
bodies'. 

Another pleasant surprise for former lifting body pilots was the 
lack of a landing gear transient.     For performance considerations,  the 
landing gear on the X-24B and the lifting bodies was deployed after 
the  flare at approximately 50  feet above the runway.    This occurred 
between 6  and 15 secon* prior to touchdown  (gear extension time was 
approximately 1 second) .    Some of the previous lifting bodies   (notably 
the X-24A)   exhibited a noticeable pitch down at gear extension which 
resulted in an annoying longitudinal disturbance.    The increased 
drag load below the aircraft eg played a small part in the pitch down, 
but the fact  that both main and nose gear deployed forward,  thereby 
shifting the longitudinal eg forward, was  the major contributor.    During 
the modification of the X-24A to the X-24B,  the nose gear was designed 
such that it deployed aft and   .h    nose gear doof,w"de8i9ned to produce 
less drag.    The resultant eg shift then was negligible,  and the nosedown 
trim change at gear extension essentially disappeared.    J» PJ^f^ 
aerodynamic effect on pitching moment was small, ^hiclJ ™8 °°"^rJ^. 
in flight   (figure B14) .    Although a reduction in Cnß   (see figure A27J 
was due to gelr extension measured in flight,  it wai not apparent to 
the pilot and did not result in a degradation in handling qualities. 
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An apparent ground effect was detected in the time between gear 
extension and touchdown.  This manifested itself as a relaxation of 
longitudinal stick forces as the aircraft came in close proximity with 
the ground.  Thus, pilots were required to relax back pressure on the 
stick to maintain angle of attack, or experience an increase in angle 
of attack if stick position were held constant (see figure  B14).  The 
pilots were not concerned with this phenomenon because the aircraft 
responded well to pilot commands.  Pitch control close to the ground 
was good. 

As mentioned previously, pitch control was transferred from the 
lower flaps to the upper flaps when the lower flap closed to zero. 
Associated with this control transfer was a deadband equivalent to 
one half inch of stick travel.  Thus the pilot could move the stick 
one half inch and neither upper or lower flap would move.  This dead- 
band was encountered on many flights just before touchdown. Comments 
from the pilots indicated they were often not aware they were flying 
in the deadband region and  could not detect any decrease in pitch con- 
trol because of it.  On one flight a pull-up maneuver at high altitude 
was performed to pull into the crossover.  Figure 15 shows a time his- 
tory of that maneuver.  The pilot mentioned that the only problem 
associated with the deadband was gauging the size of the stick input 
required to pull through it. 

Another unique feature of the X-24B landing was that the nose 
could not be held off after the main gear touched down, because the 
eg was considerably forward of the main gear.  The average time Let- 
ween main gear touchdown and nose gear touchdown was approximately 1.5 
seconds.  This characteristic was a very impressive experience to the 
pilots.  After the first flight in the aircraft, the pilot remarked, 
"The nose comes through very rapidly, as everybody told me it would. 
There's nothing you can do about it.  It seems like it's going to go 
all the way into the lakebed." After several flights, pilots became 
accustomed to the rate (20deg/sec) and accepted the characteristic. 
This rapid nose slap down was perhaps a contributor to undesirable 
lateral-directional deviations during crosswind landing. 

Crosswind landings represented the only facet of the landing where 
the aircraft handling was not good.  A ten knot crosswind limit was in 
effect for most X-24B operations and two landings were made at or near 
that limit.  On the first crosswind landing the pilot commented, "Okay, 
because of a little right crosswind, I was holding a little right-wing 
down and I touched down on the right gear first, and as it touched down, 
I got the impression that the nose had sliced rather than come straight 
down. While it was doing this, the other gear came down." On the 
second crosswind landing the pilot gave this account.  "I felt I touched 
on both mains. As the airplane started to settle, the left main settled 
a lot faster than the rieht, giving me the impression that the left main 
was collapsing.  I reached up and grabbed the gear handle again just 
as a reflex action, and about that time the nose got to the ground. 
I started to control it with rudder and possibly aileron.  I got the 
nose gear steering irroed as soon as I got the nose on the ground. 
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opened   the   flaps  and  then becam? aware   that  it weis  time to  really start 
steering because   I was starting to drift left really rapidly with  the 
right crosswind."   (Rate   the airplane during the upset at touchdown). 
"The airplane   touchdown was  very smooth  and  I'd rate it a two,   it  really 
felt nice.     From touchdown until both  mains  deflected to  the same  degree, 
the airplane would have   to be called  uncontrollable because  I couldn't 
control   it.     From mains   touching to nose touching down you don't have 
any control  over  the  airplane  and I  certainly didn't have any control 
over the  roll   rate.     Once  the roll had quit and  I realized that the 
mains were  ok,   then   the airplane became a  very  controllable airplane. 
Nice qualities with  that amount of crosswind;   I'd rate it a three." 
Figure  16 shows  a  time  history of the second landing.  Neither landing 
resulted in any damage  to  the aircraft,   but both were  uncomfortable 
experiences   for  the pilots  involved. 

The  ground handling characteristics of the X-24B were considered 
excellent for  thi^.  type of aircraft.     A total of four types of steering 
could be  used    .^r directional control  on  the ground.    Above 100 knots 
both aileron and rudders were effective  in steering the aircraft.     Their 
effectiveness,  however,  decreased markedly once the airspeed dropped be- 
low 100 knots.     Nosewheel steering was  used at that point and worked very 
well.   The  following quote  from the second crosswind landing serves to 
illustrate  the effectiveness of the nosewheel steering,   "I got the nose 
gear steering armed  as  soon as  I got the nose on the ground,  opened the 
flaps,   and  then became  aware that it was  about time to really start 
steering because  I was  starting to drift  left really rapidly with the 
right crosswind.     I  got  the nose gear steering engaged and stuck in 
some rudder   (rudder pedals controlled the nose gear steering)     to control 
that left drift;   I  got  very good response,  no problem controlling the 
airplane.     I had to put in enough so I did  feel some sideforce and  felt 
that certainly  the mains were  taking some wear on  the tires,  but  I  felt 
that at no time wus   I in any danger of rolling over.    Nice qualities 
with that amount of crosswind;   I'd rate it a three."    In addition to 
the nose wheel  steering,  differential braking was  used on some occasions, 
but the braking on  the aircraft,  both differential and total,  proved to 
be less effective  than desired. 

Pilot Chtckout Program 

At the end of the X-24B basic research program,   a six-flight pilot 
checkout program was  conducted.    Three pilots,  without previous  lifting 
body or X-24B experience, were given two glide  flights each to gain 
experience with procedural considerations  and handling qualities for 
this type of aircraft.     Each flight was conducted with several typical 
data maneuvers  and evaluation time for SAS-on and SAS-off handling 
qualities.     The Mach numbers covered were 0.7 and below, both transonic 
and subsonic  configurations were flown,   and the longitudinal eg was 
fixed at 64.5%. 

Since the envelope involved in the checkout program had been explored 
previously,  no startling revelations or problems came out of the check- 
out program.     Their  flights,  however,  did provide additional independent 
evaluations  from experienced test pilots, with various flying background. 
Table  3 summarizes  the pilot ratings  nnd comments obtained from these 
flights. 
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Task5 

Recover from launch 
and acquire 10° a 

Recover from launch 
and acquire 5° a 

Pullup and capture 
12° a 

Handling qualities with 
-40° 6UB (M=0.6, a»10O) 

Pitch handling qualities 
with -40° .SüB and pitch 
SAS-off (M=0,.6, a=10o) 

Pitch handling qualities 
during pushover-pullup 
maneuvers (6UB«-40. 
M-0.6) 

Configuration change 
while maintaining 
± lO0l. 

Pitch SAS-off configura- 
tion change while 
maintaining ±1°«. 

Handling qualities with 
-20° 6UB (M-0.5, 
a»10O) 

Handling qualities with 
-20O 5üB and all SAS-off 
(M-0.5, a«10O) 

Table  3 

PILOT FATINGS FROM CHECKOUT FLIGHTS 

Pilot Ratings 

Pilot A Pilot B Pilot c   Comments 

1.5 

3.0 

2.5 

3.OP 
2.OR 

4.0 

3.0 

Sat 

4.0 

2.0 

3.0 

2.0 

3.0 

3.0 

4.5 
3.0 

3.0 

5.0 

4.OP 
2.OR 
4.0Y 

2.5 

2.0 

2.0 

3.0 

2.0 

3.0 

2.0 

3.0 

2.0 

3.OP 
4.OR 
3.0Y 

Not much trimming 
required. 

Good bank angle con- 
trol,  pitch stability 
light 

Poorer ratings  for 
a tracking tasks - 
aircraft is sensitive 
in pitch.    Better 
ratings  for trimming 
tasks. 

Easier than simulator 

Hard to keep angle 
of  attack from "bob- 
bling" 

Good handling qualities 
in pitch and roll 

Lightly damped.     Lack 
of precise control - 
some overshoots.    No 
PIG tendencies 

Key:     P-Pitch    R-Roll    y-Yaw    Sat-Satisfactory   (1,   2,  or  3) 

»AXX tasks are performed with the SAS system on unless other wise noted. 
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Task " 

H^uldling qualities 
in landing pattern 
(M=0.5, a-80) 

Table 3  (Concluded) 

PILOT RATINGS FROM CHECKOUT FLIGHTS 

Pilot Ratings 

Pilot A Pilot B  Pilot C 

2.0 

Handling qualities 
in larding pattern 
with all the SAS off 
(M=0.5, a-80) 

Landing flare (KQ=.54) 

Landing flare (K0=.38) 

Landing (KQ=.54) 

Landing (KQ=.38) 

3.0 

1.0 

1.0 

3.5 

4.0 

2.OP 
3.OR 

3.OP 
4.OR 
3.oy 

2.5 

2.0 

3.0 

3.0 

2.5 

3.5 

Comments 

Spiral stability a 
minor problem.  Pitch 
stability is light. 

Spiral stability a 
problem in the turn. 
SAS-on is a generally 
tighter aircraft. 

Flare slightly over- 
controlled.  Pitch 
damping noticeably 
lighter with the 
lower SAS gain. 

Sensitive in pitch. 

Liked better th<»n the 
landing with KQ-.54 
but the pitch axis 
is a little loose. 

Key:  P-Pitch R=Roll Y-Yaw Sat^Satisfactory (1, 2, or 3) 
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Confirmation of Preflight Simulator Prodictions 

This section will present a comparison between information extracted 
from flight test results and data obtained from the simulator studies 
performed before first flight.  The comparison is not intended to be 
comprehensive and will only highlight some of the more interesting 
findings. 

Pitchup Boundary 

Figure 17 shows the pitchup boundary as defined before first flight 
and several data points confirming its existence. The data points have 
been determined by extrapolating measure values of Cm    over one or two 

degrees angle of attack.  The pitchup boundary was never intentially 
crossed, and pilots never reported flying an unstable aircraft in pitch. 
Agreement between the predicted pitchup boundary and the extrapolate 
flight test data point is good.  At supersonic Mach numbers, extrapolation 
of data to zero Cm is not possible, but high angle of attack Cm 's are 

higher than predicted.  It is probable then, that the predicted pitchup 
boundary is conservative in this area. 

PIO Sancitlvlty 

The PIO sensitive area predicted by the simulator (see Appendix E) 
caused some concern, and so early in the flight test program the actual 
SAS off lateral-directional PIO tendencies were investigated.  The flight 
conditions at which the investigation occurred are shown in figure D15. 
The pilots found no PIO tendencies whatsoever during flight.  This tends 
to confirm the simulator results obtained using aileron to roll rate pilot 
transfer functions and indicates the pilots responded to roll rate in 
flight.  In other words, because of motion cues, they responded much 
quicker during actual flight than they did using a fixed base simulator. 

A second factor contributing to the absence of PIO sensitivity was 
the change of several derivatives which play a key role in the determina- 
tion of PIO tendencies.  Fcr example, Cno was 25% higher than predicted 

in the mid-angle of attack range and Cn&a  was 30% to b0% less than pre- 

dicted.  Both of these changes would contribute to reduced PIO sensitivity, 

For this vehicle, simulator results were conservative in that the PIO 
tendencies shown on the simulator did not occur in flight.  If the tenden- 
cies had been reversed such that the vehicle were PIO sensitive to a/P 
transfer functions (such as might be the case with a vehicle with a high 
C£g to Cng ratio), a fixed based simulator would probably not predict PIO 

tendencies which might occur in flight. 

Handling QuailtU» Boundaries 

ft 

One of the most usefull ways of describing the flight envelope of an 
aircraft like the X-24B is with a Mach/angle of attack plot.  On this plot 
the handling qualities or stability and control characteristics which 
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limit flight are represented as boundaries.  Figure 18 «h°w« theM^2
dii2? 

qiflities boundaries which were developed before J^S"1^^" f^, 
?he prime limiting factor over the major part of the Mach nu™eJ "JJV'" 
expected to the avoidance of the pitchup boundary (Cn^-O).  In the Mach 

 „m  K-4.u««n i i «nd 1 4 it was predicted that the maximum attain- 
^angSfofa^ck^uSbi lifted b? lull aft stick deflection («•yO) 
and wSuldSe be!ow the pitchup boundary as shown.  With J^e exception of 
«in Sirectional stability above sixteen degrees angle of attack in the 
trlnsoilcrigJSi, aU lateral-directional limiting conditions ««• ^ «ngle. 
of SttJck above the pitchup boundary /nd, therefore, were not of major con- 

cern. 

The boundaries defined after analysis of all available "^ht t«t d*t« 
are shown in figure 19. These boundaries are presented for the reference eg 
Sf 6« tS be consistent with the data comparisons ^%th^^hout this re- 
^rl      nurina fliaht the eg varied from 66% at launch to 64% at maximum Macft 
Ar a» pJopellant w« consumed. Therefore the actual limiting J«9lj of 
S??ack during flight were somewhat higher than the values ■J^' *"•*"£- 
lioS of theSi boundaries with respect to the actual eg during flight i. con- 
?;?SeS in reference 1.  In many cases these 5°™d?ri"/^^"f "JJ™ 
-«tCI^-iv«. »xtraoolations of the flight test data to the limiting value«. 
H p?eilously"is^ssed! the angles of attack where Cma was zero were close 

to oredicted between 0.6 and 0.9 Mach number.  (Insufficient data was «- 
vJilaSlearal! other Mach numbers to define C^-C)  The maximum attain- 

.Ki- -n«ii. of attack with full aft stick was different from prediction». 

St^iJ b^n1?!: MirnSg«. ^t.ral-direetional handling qualities 
boundaries were defined based on extrapolated values 0J •"""Pj^a^hS 
Although zero Cnß was not a limiting boundary per se, flight in area« where 

Cn approached zero was explored with caution in an incremental manner. 

With the rocket engine off, Cng was zero (at angles of attack below pitchup) 

above 1.3 Mach number only. An even larger area of negative CnB was de- 

fined over the transonic and supersonic Mach range as a "»^ °J *?r?" 

".b" ™,'rSf .tt.cv. N.ith.t of th. C„8-0 boundarl.. «r. »tol.«d 
during test program. 

No power-on Cn» boundaries are «hown on the predicted boundary plot. 

S the rocket exhauat condition» was not exact (hence the r««uiJi2?^!! 

m*m  ^nmn-ri.on of the handling qualities boundarie» before and after 

ducted for »oat te»t program». 
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STABILITY    DERIVATIVE   RESULTS 
Stability derivatives were extracted from flight test data as 

both a research objective and a means to insure a safe flight envelope 
expansion.  A knowledge of the aerodynamic derivatives simplified the 
analysis of aircraft motions and made the task of pinpointing problem 
areas much easier.  In addition, the heavy reliance of the test program 
on the simulator made authenticity mandatory, and revision of the sim- 
ulator with flight determined derivatives was the most accurate method 
of insuring simulator fidelity. 

Mttftti 

Two methods of extracting stability derivatives were used on the 
X-24B flight test program.  The Modified Maximum Likelihood Estimator 
(MMLE) is an all-digital computer program that was used for routine 
processing of data.  MMLE is an output error program that uses a 
modified Newton-Raphson technique to attain convergence.  Features of 
the program include a signal noise weighting function (noise covanance 
matrix) and an a priori weighting scheme.  Both features were used to 
determine flight-measured derivatives.  The ease and speed of setup and 
execution made derivative results available within a day after the 
engineering units tape (which contained flight time histories) was 
received. 

The second method was a hybrid matching technique named STABDIV. 
This was a sophisticated manual matching process that allowed greater 
accuracy in less time than obtained with earlier analog matching tech- 
niques.  A digital computer is used to store and recall time histories 
of measured control surface inputs and aircraft response.  Equations 
of motion are solved by an analog computer in a repetitive operation 
mode, and the computed and measured reponses are shown as standing waves 
on a cathode ray tube.  The effect of changing a derivative can be seen 
instantaneously by viewing the standing waves on the cathode ray tube. 
While the hybrid technique represents a marked improvement over conven- 
tional analog methods, it still requires more time and expertise than 
the MMLE program.  The advantage of STABDIV lies in the fact that the 
operator may quickly assess the accuracy of the derivative he is deter- 
mining.  The sensitivity of the match to particular derivatives and 
other derivative trade-offs is readily apparent, and the accuracy of 
any one derivative for a single case is better known.  For this reason, 
STABDIV was used in conjunction with MMLE during the early phases of ^ 
the flight test program to determine results from "envelope expansion 
maneuvers.  Once the available envelope had been explored, the use of 
STABDIV was discontinued. 

Test conditions were selected to determine the effects of angle 
of attack. Mach nunfcer, power, control system biases, and Reynolds 
number. For the purpose of derivative extraction, the X-24B was assumed 
to be rigid. Due to the boost/glide nature of the flights, test time 
in a trimmsd and stabilized condition was minimal.  The derivative 
extraction maneuvers performed, however, were usually short in duration 
(5 to 10 seconds), and the flight conditions usually did not change 
appreciably in that time. Most of the results presented in this 
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report  are   from maneuvers  oe'-formpr? w-i^   t-u     o«o 
obtained from SAS-off Sta^w  S^fiVi^Lä6      S  0n-     While d^^tive8 
tional  stability  in  soS  areas   ZTltl M^S  aCcurat^   low lateral-direc- 
to  SAS-off  flight conditions   reSltS   in feq"lr!d  to  revert  from SAS-on 
formed with   thl SAS  on       Fliahtrn^ti     ^f  0f   the  i nputs   bein9 per- 
during  the program *£'sh^Tn T^sTo  aM 2n?neUVerS   Perf0rn-d 

tbrougr^L^J^^c'o^t^rSck^^rud^1363^0  dOUbletS   ^^^^d 
pulses were essential   fJ? obtaining Jnnf P!dalS'   ■ Sharp do^lets  and 
separation of the contSl SpStJ SloS SralrSfir^^8'   aS   they allowed 

vented  the  trade-offs  between  control ™* H»!^       t.reSponsp-     ^^ Pre- 
occur with a slow maneuver      A^SnaUudii?^"5 deriva^ve«  ^at often 
two rapid elevator pulses  iolloweSbvf D'eri^ro^^ Cun!i8ted or one nr 

A lateral-directional maneuver was  fnif^f ^ u 0f S^ck  free oscillation, 
followed by two to  thr^Tse^nds of ?r^J d-^ a.sharP  ^der doublet 
by an aileron doublet       DoS^s ll™ ILf    ^ l/utXOn'   and te^nated 
doublet would aid in keep?^ X| SSrSJJ JJ^? OV^ pulses because « 
unplanned maneuvers such as a oilot ^nl^ Wi,??f-1?vel   "ight.     Some 
several  sideslip excursions Sere also ^h °sclliation   (*I0)   and 
history matches were StSnc^o? 1^1^^'  an?'   alth°*&  the time 
were very misleading.     sSs^At data ana^^  «^ ^ Privative values 
tion between data obtained  frSmdof*iff- Y1S  revea:Led    Poor correla- 
non-doublst maneuvers?    JiquS  22 ^« f "euvers  and data  taken fror, 
m-neuver and the correspoi^g derI^ve0neexetS1

1
o

en0LstulitSs?yPe 0f 

Mrc^Äe^sj.4: Soui^r^i^r^s NASA
 
personnei- 

by accelerometers,   gyros and an aif-ff^f'^? ?rangles were assured 
of attack and «Ideslirwere m^sSred bv no«^1"'   resPecti^ly.    Angles 
nose boom also measurä statir^d ^^ 111      00m ^^^ vanes.     The 
of altitude,  airspeer Sa?h nu^er ^d d

P^f"^ ^ in  the calculation 
transmitted via a rcM teleme^sysSm      2^h^MSSUre-     These data were 

data was written onto a magneUc taD^t ?n f^?ionS Were "*** and the 

data except for bank anols^md nlJS JSi   0 saraPles Per second.    All 
transient?,   and phase^fo    ^fnk ^i^91! «ff6 relatively free of noise. 
Phase lag associated wiJh*them      £2 tnT PltCh angle had a noticeablf' 
least important in the SrSaJive extSctfor"1"6^" are Probably the 
inertias were determined ein«^^«!^f°n Process.     Weight,   eg,   and 
calculated for each sScceeSng njaht baSJ0' t0 firSt  flight and ^ 
ment and propellant usage      G?efte? detaff.      c^fent aircraft equip- 
be  found in reference  1. Greater detail concerning these items may 

of the ieciSiqSefanl^SideJations  tt'T*^ give only « ove^iew 
extraction effort.     A Smp^disSusSon of.H^ a,s^cessful  derivative 
Programs  involved may be fo^nd ii refJrencp  ^eSLwte^niqVes and the tw° 
on  the STABDIV program is pSvided?n Terence  4

Afdltional discussion 

Center,  BTOrarÖr CallfornU;'N^^eJ
üi9

/ä
75"^ Air Porce FüglTt^ir- 

Reference 4:     Kirsten.   Paul w    mn*  »-v.    T 
Evaluation of Two Methods of tot^fS'«^!???0* G"  A Comparison and 

California,  May 1974.     3'  Air Force Flight I'est Center, Edwards AFB,       " 
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NiRi TiRMl Data 

wind  tunnel or Predicted esiWe      w^n/f086^643 With ** appropriate 
from several  major tests  run S?W  fo ^^"f1 Prediction8 are  ?aken 

xSlnMf^H 0f.eaCh Wind  ^fcSrve'^^esrotZ^f flight  te8t *™*'™- identified  using table  4.     Most of Thl^Hn^       efWi8e noted,   may *><* 
figures and in table  4 were obLfnJr^    in? tunnel data shown on  the 
Program.     As  the Program ^ogressed    l^V**? f""  fairly early S the 
were completed,    while the d2S  lr«; fddlto"al «™* tunnel studies 
used  for simulator updaSi,  mancher Sift ^8tS Were analy«*d and 
sentation in this  report      AddiS^f if    ^io?8 Prec^ded their pre- 
performed by Arnold Engineerino te^o^ft.i^Cluded transonic tes^s 
(source   for  the AEDC dS! Xn  ffoST^T^ ^"^^ ^^   in 1974« 
^a"gley ^fearch Center in 19 73 9 11JL  s,1Pfrsonic tests  performed 
AEDC in  1973.10     since JJJ fUqht de^lf?"'6 transonic tests  -ade by 
Xi?UraJion'   cor^ctions havl been JlSe  SS^!re^tained in a tr^d 

effects of upper flaps,  lower fl*n«    !?? ^e wind tunnel data  for the 
The derivatives CZfl,  cL   ,  Ud CvP  'Jo1^" bla8'  etc-  where  applicLS 
number only.     WinXunnlfd^f fU^lV^ a«  actions of toch e- 
tions  as angle of attack  ch^d bufnon. ?f        ive8 8hoWed ama11 varia- 
approximation.    All wind tunnS nr^«!?        9e en0ugh to ^^ the 
center of gravity of 66 pe^SJi^    ?f «i°??/^ 8hown for the  reference 
data  for Mach number of 1 1 In* i   5       8hould be noted that wind tunnel 
of 1.0,   1  15  and 1.5.     sLu^y^^rL1^^1^ fr0ra **<* "^rs 
i-]**™ derived from tests conducted a? M^hnT^" 0f 1-4'   i'6 and 
1.76.     For some Mach number«;  a ^r-on S?n5 """^f8 of 1-3.   1.5  and 
shown.     These  data ^e  from tett^ VM^^    Unnel Prediction has been 
the exact rocket ex: ust condition« Jf^ Wa8 not Possible to match 
power-on curves should be^fd to ?n^S0!,ntfred in fli^t.    Hence Se^e 
intended to match the p^er^ Tli^llll ^Tts^ ^ ^ ln n° ^ 
Data Plata an« Ptiit« 

^rf^?f10n or,oth«r specific e?flc?;  Sie^r ^h«f * **ndlin9 qualities 
'^rivatives  values is contained In  »«J^f    r'  the complete set of 
on  the plots  comes  froH mneu4r wh^^*'    Each data Point depicted 
been determined or fiMd «t U^f K?ere a11 Pertinent derivatives hav« 

-jor derivatives%ärbde?n%^rf^e
by

Vaia"ge e™* T*"1^^™" a oy  large errors in minor derivatives. 

iReference  51     Whorie     T M      »»-. ^ 

^SoSSstics^Tthe fTnJ^iiLfTjT if *T~~y* ^rodhmami. 
^oratory. Wri^iCT^u,^ ^f^^ S^SfShS!^"^^ 

Dat^Fron ll Ot^L*^™ It'tSriSnr&i H^feg Tun"el  ^ 
Tennessee,  October 1973?      Englneering ueveiopment Oe-ntiF,  Arnold Atj/ 
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Table     4 

Wind Tunnel  Sources 

Derivative Description Mach  Range 

All  power-off stability deriv-     0.4   -   1   3 
atives except damping deriva- 
tives 

All power-off lateral-direc- 
tional stability derivatives 
except  damping derivatives 

All power-off longitudinal 
stability derivatives ex- 
cept damping derivatives 

All power-on derivatives 

All  damping derivatives 

All  gear down derivatives 

1-5   -   1.76 

1.5  -  1.76 

0.8  -  1.2 

0.4   -   2.0 

0.17 

Source 

Coraell Aeronautical 
Laboratory,  8-Ft Transonic 
Wind Tunnell1 

Arnold Engineering Develop- 
ment Center VKF Supersonic 
Wind Tunnel 12 

Arnold Engineerino Develop- 
ment Center VKF Supersonic 
Wind Tunnel U   * 

NASA Langley 16-foot Tran- 
sonic Tunnel'< 

Calculated estimate 15 

Air Force  Institute of 
Technology Five-Foot Sub- 
sonic Vunnel'* 

Sli!^lSS?iAgRBod; TfuTl0 !Lind ^r1 rr-r:a ^ ^ai« 
Aeronautical  Laboratory'^nc ^Buffelo    M.f^ ^ ^^^"^TT^o^n.- «tory,   inc.,   Buffalo,  New York,   January-March 19 71 

dynamic shape. originally calculated for tho FDL-7 wro- 

Sca^JoSS ^!the0Jf24flB l^V^**'   al"   Ly^tric Studv of ^n 8| 

April  1973. g      Oyna^.s L^oratory,  Wr^t-Pattr^on AFB,  Oliio 

'%,: 
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obtained from a maneuver where Cn was off by a factor 
For example, Cnör 

of 100 would not be used.  In some cases the program was unable to deter- 
mine a realistic value for one or more derivatives (usually damping 
derivatives)   These maneuvers were rerun holding the indeteSa?! 
derivatives fixed at values obtained from previous test results.  In 
these cases the particular derivative held fixed will not be shown on 
the derivative plots.  A final note is that in many cases an MMLE data 
S?ä .f;?i; STABDIVata P?int wil1 be shown at the same angirof attack 
with similar cenvative values.  It should be understood that these are 
simply two different analysis methods performed on the same maneuver, 
and similar derivative values would be expected. 

Longitudinal OerivaNvtt 

Longitudinal derivative plots are shown in figures Al through 
A26.  Both MMLE and STABDIV were run in a two degree of freedom mode 
to extract pitching moment and normal force derivatives. Determination 
of chordforce derivatives entailed more setup work and were not of 
primary interest for this program; hence they were not determined. 
Complete performance data may be found in reference 13." 

Subsonic Cenfiguiotion 

*A    °eriv*tives for this configuration are shown on figures Al through 
A4. One of the early surprises of the test program is shown on the pitch- 
ing moment plots.  C,^ was consistently 20% to 30% below Cornell wind 

tunnel predictions. After this discrepancy was discovered, a great deal 
of effort was spent rechecking the longitudinal eg and pitch inertia to 
insure that an error in one of these parameters was not responsible for 
the C^ discrepancy.  No error could be found; C^ was definitely lower 

than predicted.  This has also confirmed by the longitudinal trim curves 
(figures Bl and B2). Figure 23 shows a C^ comparison between flight 

data, the Cornell wind tunnel values and Craa measured by the AFIT wind 

tunnel test described in reference 12.  It may be seen that the AFIT 
data is closer to the flight-measured data. There are, however, large 
differences in Mach number and Reynolds number between the flight data 
and the AFIT wind tunnel data. The AFIT test was conducted at a Mach 
number of 0.17 (flight data at 0.4 to 0.6) and a total Reynolds number 
of 3.3 x loo (flight data at 50 x 10^). 

The lower flap effectiveness derivative, C™,  . agreed well with 

^i"^!^"61 P^dictions at both Mach numbers. Thta fact assures that 
the difference in the slope of the pitch trim curve is, indeed, attribu- 
table to the difference in C« . 

ilketerence 13: Richardson, David F., Flight Test and Wind Tunnel Per- 
formanca of the X-24B Research Aircraft, Affi>g-Tft-7&-lfl" Ur Wo.  
night Test center, Edwards A#B, California, to be published. 
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Pitch damping is generally less than the calculated prediction, 
although there is some scatter in the C,^ values.  Many of these data 

points come from SAS-on maneuvers where Cj^ is difficult to identify. 

Normal force derivatives were in general agreement with predicted 
values, although the normal force curve slope. CM , was consistently 

slightly less than the wind tunnel value.  The slight decrease in CM 

was also detected on the plots of CL vs angle of attack (reference 13). 

'öer. 

Tfon»onlc Conllgiirotlew 

C^,  was scattered around the wind tunnel line. 

The pitch stability derivative, C™ , exhibited a continued degradation 

in the transonic configuration (figures A5 through A7). This trend was 
most apparent through Mach 0.8. Concern over this degradation led to a 
short wind tunnel study to try to predict correct values of Cn^ in the 

wind tunnel.  The study was run at AEDC (reference 5) and used a model 
which corrected some minor deficiencies in the original model. Figure 
24 shows a comparison of this data with Cornell data and flight test 
values.  It may be seen that the AEDC data is closer to flight measured 
values of Cm in some areas but was not in complete agreement. 

Values of Cm for Mach numbers of 0.9 and 0.95 (figures A8 and 

A10) show reasonable agreement with predictions except at high angles of 
attack. Wind tunnel data in this Mach number region, however, are sub- 
ject to interpretation, and small shifts in the measured value of Cm 
could lead to considerably different values of C^ at high angles of 

attack. One data point on the M-0.9 curve reflects the rapidly changing 
values of Cm with Mach number. The data point at a«9.0o was taken at 

a Mach number of 0,95, and it is indeed about halfway between the M-0.9 
and M-0.95 curves.^" 

Power off values of C~ at Mach numbers of 1.0 to 1.3 are slightly 

less than wind tunnel predictions except at high angles of attack. 
These data are shown in Figures A10 through Al 3. Much of the scatter 
evident in these data may be due to unsteady flow at these Mach numbers. 
In many cases it was Impossible to determine accurate values of all pitch 
derivatives in the area. Power-on values of Cm exhibit a significant 

downward trend. This effect will be discussed in the "Power Effects" 
section. 

Flight values for C,^ at M-1.4 (figure A14) were close to wind tunnel 

estimates, but values of C,^ at M»1.5 (figure A15) were up to 60% higher 

than predicted. The angle of attack range at these Mach numbers was 
severely limited by low lateral-directional stability and other flight 
planning considerations (reference 1). 

IfBIVRiX Mach effects of these type will be seen throughout the report. 
They occur because wind tunnels are capable of testing at stabilized, 
even increments of Mach number and rocket/glide research vehicles are 
not. Mach number for data shown in this report have been rounded to 
the nearest available Mach number where a plot is presented. 
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By observing the data values and «^ ..   ,       • " to u.»^. 

:ni6eL * 
and angles of attack combined with the increase in c 

than for th. oth« pitch derivati™ "all 0 T'"" T ShOWn 

th. pr«Jiet.d v.lu. for .on» OVZL, "^ ''"* "'^ "^ " 

to iAjnttfy .h.„ lt i. ov.rSh.ao„.d by !„„ ^^ ^ "'^^    , 

^„«or of ^ c, ^.j^r ^: -: r r »Mr 
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to be a Reynolds number effect.  The Reynold« number for the AFIT test 
was 3.3 x lO». The Cornell test was run at 23.2 x lO* and the fliaht 
data is about 50 x 10«>. Data obtained at Mach numbers of 0.4 indicate a 
lower Cng at lower Reynolds numbers. 

Sideslip derivatives in the subsonic configuration (figures A28 
and A29) agree well with wind tunnel prediction except Cnft in the mid- 
angle of attack range.  The increase in the flight measured values of 
Cnß was possibly due to higher Reynolds number effects. Figure 25 shows 

Cnß for several different Reynolds numbers. Considerable changes in 

Cnp can be seen as the Reynolds number is increased. Much of the 

apparent scatter in C£ß at high angles of attack is due to the Mach 

effects between M-0.4 and M-0.6. 

Aileron, rudder, and damping derivatives are shown in figures A30 
through A35. The following observations can be made: Ci6 was generally 

higher than predicted, Cn6a was generally lower than predicted, Cn6 

was generally higher than predicted. While the differences between 
wind tunnel and flight measured values of these derivatives was small 
in each case, the combined influence on the aircraft handling qualities 
was noticeable. This effect will be discussed in Appendix E. Other 
differences between flight measured and predicted derivatives were 
observed; CY6r was less than predicted, and Ctp exhibited a trend to 

increase with increasing angle of attack. The increased scatter in 
the damping derivative data is typical for this type of aircraft using 
SAS-on doublet maneuvers as inputs. Gear down data are shown with the 
gear up data since no aileron or rudder wind tunnel derivatives were 
obtained in the gear down configuration. 

Trontonlc Configuration 

Sideslip derivatives for Mach numbers of 0.6 and 0.7 in the 
transonic configuration (figures A36 and A37) exhibit the same 
trends as those of the subsonic configurations. Agreement of C£0 and 

Cyp data points with wind tunnel predictions is good.  Cnß shows the 

same tendency to be high at mid-range angles of attack at M-0.6. At 
M»0.7 an interesting phenomenon was observed. Figure 26 shows a number 
of cn3 values obtained from a series of maneuvers performed at 7.5 and 

9.5 degrees angle of attack as the Mach number was decreasing. A step 
change may be seen as the Mach number passes through 0.74 and 0.715 
respectively. It had been observed that the pressure data from orifices 
on the inside of the outboard fins were exhibiting a large step change 
as the aircraft decelerated through approximately 0.7 Mach number. 
Analysis of onboard motion pictures of tufts placed on the inside of 
the fin confirmed that a sudden change in flow was taking place.  In 
addition, it was found that this step change was also a function of 
angle of attack. The Mach number and angle of attack conditions at 
which these pressure changes occurred were catalogued and used to define 
the flow separation boundary shown in figure 26. It was then decided 
to perform a set of data maneuvers through this region to determine if 
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th. dir«ction«l stability waa being affected.    A. the C      nio.      K 
• «...urabl. .tep change was ejected. ^ P    '' 'hOW' 

•^'^•^"Ä 'or the trän- 
en wind tunnel and flight meJs^rJSvi?«!-1«? ^l'2)-    ^reenmnt bet- 
1. generally good cxceptV^STS^.J?1^!* SSS^of ?rlvative8 

•ietently lower than predicted at 0 95 M^H        K! "ß COn" 
^n can be explained by ^cVJu^J ^cTlll^^L^lTir 

m^ t^Vi^h^fL^^^^^^ testing and 
Of special interest are the dlH ItT? S!^i?np*r?d by thi« Problem. 

H.thtnTc:«frj.h?^?0'?si
tc.ta;iSvts.:~'Ltj' irr^ot ** *«.. saver or the results. «"cate any reason to doubt either the man- 

l.t.ral-dir.otional atabilitv     Jhf„        bU* t" ••"•• th.lr «ffects on 
•MUron «d RuddS Si« Mfi[it.^tl5S!UV•r• Wl11 "* dl'<"»— 1» tSe 

i. ^d <„ ^t c ■.t,b;v7r Si'j^jr:^.:^^.«««^. 

«our. .t IMC .i™!; of ,JäoJaäd
nS!SLi'JBcrMM,>' ö» ««.»«lition 

l.Mt two PO..ibl.%xplM.?fSS »S^thiJ     SiSr! ••v?^!•    Th*p« •" " 
--b.» pr.diot.d . 2.r.Si0X S* S1^. ÄX";   ^ ^oi^o^Jo 

oe seen at all Nach numbers areatar 4-h»« n 5  «^ „ß ^ 
•nd moderate angle of attack iJii ^I2^i \wAt ^ nv****»  «bove 1.3 
ready started t2 occur dulto Jh. !iK J^i* ^f! thm  flow «h««« had al- 
wouid not have •ddltlSnal •f?.c?sii2J Ä?.?^^* Th* rookmt •n9in« then 
In either ease the values Vtc     HMJ^ZSI     Ü*«* had ■lr««»y occurred. 
of «aa^w -.    . n8     9h M*ch nu,Bb«" *nd moderate angles 
of attack were substantially less than predicted. 

o.MAfi;rs.d:äsi}r;oSig;sSoiB ti9miJt4ij*?*h A61
- *• — «» 

was slieh«.!» K^K. 1             *«• f0r **• traMonic configuration was slightly higher than predicted, and e_  ».. #  Ä* ^ -«.   
•Bd C»«a WM txom 0% to 501 lower than 
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tl^r'v", V',1UM "" CYä• War,, l—"11* hl'h" "■"> "l»" tunn.1 pr^ic- 
n«—r .„d «Ju of «'^f ^ CYäi "'" reMrk,bI' "«^1»« "^ ".oh 

in flgur.. A62 thr„U9h A74.    Valu.. of c        ^ J«r J 
hl,h.r th„ tho.. pr^lct.a „, u., wind ^.^ WM    ;        ^l 

tunn.l dHI ibi;; Sl^Liti r*?5S P""1"*1 «^v« M-I.4.    wind 

tr.n.onic.Uy, but ur. up to 50« 1... .uporooniuully. 

•"t^T.^uS'tSlnSj.'ÄU'ltSS»''1 »?'' ;"« C".id.rm. 
howovor, hnv. boon oon.ldIr!biS ffJ?""?*; J^!t of th«" d«« point., 

._. ._,. y ^P'  ana cnp»  to a Imammr extent, 

.p..d incr..«,. sSc, v^lStJ^ in^inL0n f"8 ""<=»• " th. 
di«n.ion.U..tio« SS.'M ä.^'wjÄT^'.^ct of 
dj-ping a.riv.tlv.. b««.. «gligibl. In th. trS.onic „d .up.r.onio 

Ptw«r Efftcti 

engine waa on.    Theae occurrS nri^^f! J "Ü^,011*119*" when **»• «>cket 
axia but aome effecti SSre S.0

Pfi^i^ in,th« ^^"l-dir-ctional 

match flight rocket ixhSaroSdiS^^aoiael^ SS^iS^ t0,     ' 
^irontr ^^^ in ^ -"'n^^ii;^ u^Vt^ÄJe 

L«ml«Mdlnol D>rlvo»lv» 

•hoi reduced valWof c      fU S^1'3,    Pl9UrÄ» A11 through A13 vaiuaa or c,^ for power-on maneuvera.    when the derivativea 

y D,w**n Si "d CIHQ- 'or «xainple, c«   could be made to 

«!Zrl!     «r""0'' dat' ^ ^^ 0f SJ -«" »>• -ry large negative 
p-hein^Ioa^o-^^^^^^ 

^Z^Ji    *' ValU" •■tabll'h-d ^ ^ ^d tunnel orlrevioua data 
valuea.    Theae runa yielded the valuea of C,.    ahown in the figurea. 
Longitudinal derivative valuta 4fi »K<- — * * *•■• 
th. .xtrMtion progJiT ^S »no^iÄrtÄ^Ä' ^ 

'. 
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Table 5 

POWER EFFECT FLIGHT  COMPARISON 

Type of Flight 
Mach 

Number 

Anti'.e of 
Attack 
Degrees 

Dynamic 
Pressure 

psf 
Reynold's 
Nunber 

Velocity 
ft/sec 

Altitude 
ft 

Power Effects 
Normal 

0.86 
0.88 

11.5 
12.0 

145 
86 

46.7 
29.1 

X 
X 

10« 
106 

835 
853 

48600 
58800 

Power Effects 
Normal 

0.96 
0.93 

11.8 
12.0 

141 
109 

39.6 
30.4 

X 
X 

106 106 
930 
890 

54400 
57000 

Power Effects 
Normal 

1.07 
1.08 

10.0 
10.7 

154 
80 

40.1 
21.0 

X 
X 

10 6 
106 

1040 
1050 

56300 
68900 

Power Effects 
Normal 

1.18 
1.18 

9.5 
10.7 

174 
89 

40.3 
21.3 

X 
X 

10 6 

106 
1155 
1145 

58100 
70200 

Power Effects 
Normal 

1.33 
1.34 

6.8 
7.5 

205 
10 7 

42.4 
22,6 

X 
X 

106 

106 
1280 
1293 

59000 
71300 
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bias on C£ß and Cnß in addition to their effects on pitch trim.  To 

«ITlLf^*1*1^ 8e™rral data maneuvers were performed with off-nominal 
values of rudder bias and aileron bias. 

AlUron Blot 

Several maneuvers were performed with the aileron bias at 3° and 
Iln' R??

8  ! 0, the8e te8t8 "^y be found on figures A8, A37, A38, 
o!.K4?;:' fnd/42r  No effect was discernable on the lonoitudinal 
stability derivative C^. The wind tunnel had predicted'that decreased 
aileron bias would produce higher values of Cn3.  No effect, however, 
could be seen on either CnD or Co,. 

p     p 

alao^r^fi^V0^^6"00* 0n 8ide8liP derivatives, the wind tunnel 
«i?? Predicted a pitching moment effectiveness of the aileron bias. 
While the aileron bias moved too slowly to produce a dynamic maneuver 
analyzable by MMLE, it was possible to determine its effectiveness bj 
calculating the amount of elevator required to retrim the vehicle at 
£hÜ ÜTif^18 0f attack* Thi8 has been done for several conditions and 
the results are presented in Table 6.  The results indicated that the 
aileron bias was somewhat more effective in pitch than predicted and 
generally more effective than the lower flap. 

Rudder Blot 

The rudder bias could be biased inward from zero to obtain the 
subsonic configuration or outward to obtain a predicted increase in 
directional stability at high Mach numbers.  Only one maneuver with 
outboard bias was performed and the results are shown in figure A44. 
It is very difficult to verify any increase in Cnß from this data 
point, however, the predicted increase from +5° 6RB at this condition 

The rudder bias, like the aileron bias, was also capable of causing 
a significant pitching moment effect. The outward bias at M"1.3 had a 
negligible effect on pitch trim but the pitch change of the inward bias 
at low speeds was significant.  Pitching moment effectiveness of the 
rudder bias was calculated the same way as the aileron bias, and the 
results are presented in TabU 7. 
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Table 6 

AILERON BIAS AND LOWER FLAP PITCHING MOMENT EFFECTIVENESS 

Mach 

Number 

Angle of 
Attack 

degrees 

Predicted 
Cm<SAB 

per degree 

Measured 
Cn»6AB 

per degree 

Measured 

per degree 

0.6 6° -  120 -.00106 -.00115 -.00125 

0.9 4° -  8° -.00155 -.00210 -.00175 

1.25 40 - 60 -.00130 -.00140 -.00110 

Table 7 

RUDDER BIAS PITCHING MOMENT.EFFECTIVENESS 

Bias 
Rudder 
Setting 

Degrees 

Mach 

Number 

Angle of 
Attack 

degrees 

Measured 
Cm6RB 

per degree 

Predicted 

^RB 
per degree 

+5(outbrd) 1.4 5° 0 -.00008 

-lO(inbrd) 0.6 50      1.30 -.00059 -.00050 
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CONCLUSIONS 
„.,-iTl! handlinf qualities and the factors which contribute to handlin« 
2K 

liuit8.Wfre deterniined for the X-24B to a Mach number of 1 76 Al-9 

though flight test time was limited and stabilized Si^t was'difficult 
to  achieve,   a comprehensive   picture    of the aircraft-'c   fin„K^ OK»    f^ 
ofpn^rLtlnL10^'     ThiS W%  —^^^ed^Sfli^in^fcoSjStSn" of pilot ratings  and comments  in conjunction with analysis of time 
histories and flight-determined stability derivatives. 

fT^ht^Jf"2^ Wf?w?? aerodynamic shape optimized for efficient hvoersonic 

«5 3L ?H^ SPun!^ to sldes:LlP excursions that had been characteristic 

control surface authority and rate  limits could be used. 

ro^vUe
0
ha,ildlinI-qualities of the X-24B were generally good with the 

f?Sdfnal Ii3eiate;al ^^i-   ha?dlin* *** excellent S S?S Se l^g- ituamai ana lateral-directional axes      Lnn«i t-n^i««!   «J-^WJIJ^     *»-p"a 
S^obtH^ be ei<0elient 'K**™™* ÄÄStSlSi^ "Soever the obtainable angle of attack with full aft stick was sionlf1n«nKi« 
if^™^ V MaCh nU,*er'    Late«l-d?JecUoSal SndiSg'qSSiäes 
Se^?^ MaC? ^^ wer? Q6"0"1^ considered to be Mti if Story owr 
^tti      *d>.*lZle 0f attack ran3e nown-     Although the primär? Sfk. performed at these conditions were transient datTjoSIuw« SL^llJt 
never reported any lateral-directional control deficiencies      With 
S?1P ^S 0J*Z  ^ aircraft exhibited no Pio tendenclS"J pitcJ^r roll,  and at no time was pitch or roll control a problem. 

.t .^nlÄ^ Sj^eS^Tly ^^^ 

^eS:^?^^^ uxence very wen.    The large pitchdown associated with gear deployroent 

IS 
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on the X-24A was eliminated on the X-24B.  The pilots were favorably 
impressed with the capability for control while in ground effect just 
prior to touchdown.  Crosswind contributed to some uncomfortable landings 
since the nose sliced and the aircraft rolled sharply as the nose fell 
through after main gear touchdown. The aircraft could be steered with 
ailerons, rudders, differential braking, or nose wheel steering. Pilots 
considered the ground directional control to be excellent. Deceleration 
from braking was considered poor but adequate for the aircraft mission. 

Most of the predicted stability derivatives were reasonably accurate 
with the rocket engine off.  The major exception for the longitudinal 
case was subsonic values of Cm which were consistei tly 20% and 30% 

below wind tunnel predictions.  Three significant areas of deviation 
from predicted directional stability were determined.  At subsonic 
Mach number and mid-range angles of attack, Cn« was 25% above predicted 

estimates. At 0.95 Mach number, Cng was somewhat less than predicted. 

Above 1.5 Mach number, the values of Cng were considerably below pre- 

dictions as the angle of attack increased above 6°. 

A flow change associated with the rocket engine produced a significant 
change in several major derivatives.  In the Mach range of 1.1 to 1.3, 
the values of Cm showed a measurable reduction with the rocket on. 

Both eg- and Cng showed reduction above Mach 0.8. The incremental re- 

duction of Cng generally increased as the angle of attack increased. 

Flight control system performance was excellent during the test 
program. Since much of the system was carried over from the X-24A vehicle, 
most of the components were proven items. Design criteria for the new 
aileron system was established on the AFFTC five degree-of-freedom 
simulator. The resulting design performed satisfactorily during the 
test program. 
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PENDIX A 
STABILITY   DERIVATIVES 

deri^atieSsr^^ÜrÄ ?hTdad?atap?^fS ^^^ly dating shows no Cj^ value3 even thnnr*  L«        Plots.     For example,  figure A10 
like these^it wS nSrSoMibS S o^-UVerS Were «^««d.     In cases missing derivative fs)     J« K5 obtain a reasonable value for the 
determLant'Srl^kcsf flLTTTrlTi^^lV^ holdi^ ^l*- 
section entitled  "Data Plots ^d Points"    g      «timates.     see the 
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WIND    SHEAR    TECHNIQUES 
During the powered boost phase of several X-24B missions,  pilots 

commented on uncommanded lateral-directional disturbances.    Following 
flight 1,  the pilot described these disturbances by saying:      They 
manifest theiwelves as   just a little Dutch-Roll       a »^«f *hfrP   . 
input and then it goes away".    One suggested explanation  for these side- 
slip excursions was  that the vehicle encountered abrupt wind changes 
with altitude which  induced the sideslip disturbance.     This appendix 
summarizes the results of an investigation to relate the sideslip ex- 
cursions to wind changes. 

The method used was  to compute sideslip angle as a function of time 
using the side force equation of motion and to compare this computed 
value with the vane neasured sideslip angle.     The difference between 
the two values was  defined as the sideslip disturbance since it 
represented sideslip excursions which were not accounted for by the 
equations of motion.     This time history of sideslip excursions was then 
used to determine a theoretical profile of sidewind component vs alti- 
tude by computing the magnitude of sidewind required to account for 
the observed disturbance.    This conputation was performed over very 
short tiros intervals producing increments of sidewind which were then 
surarosd to compute the profile of wind magnitude starting from zero 
velocity at some arbitrary altitude.     The thinking behind this approach 
can be visualized by imagining the vehicle entering a step change in 
sidewind.    This change  initially manifests itself as a sideslip un- 
accourted for by the equations of motion.     After the initial input 
was made,  however,  the vehicle would respond dynamically in a lateral- 
directional mode as described by the equations of notion until event- 
ually it returned to a steady-state,  zero-sideslip condition at which 
time it would be translating laterally relative  to an earth fixed 
reference frame at the velocity of the sidewind disturbance.    The 
computation of the sidewind profiles was made during the powered boost 
and unpowered descent portion of the X-24B missions, when the vehicle 
was undergoing rapid changes in altitude. 

Now that the general approach has been reviewed,  the details of 
the rosthod will be presented.    The sideforce equation of motion used 
itn the computation was as follows: 

6 P sin a-R cos 
Is 

a +  (1/cos ß) 2_ 
Vt 

cos  6 sin $ - sin 6 sin ß 

+  U ^     CYß 
0  + Cy 6a 6a + Cy 6r 6r 

f£ m cos 
This equation was   numerically   integrated using a second order Runge- 
Kutta algorithm to obtain the conputed sideslip angle  (P)   as a function 
of tiros.    The parameters  required for this computation were obtained 
from the on-board instrumentation system.    The required stability 
derivatives were input as  fixed values although they were known to 
vary with flight condition.    A sensitivity study was done which in- 
dicated that wide variations in the values of these derivatives had 
little effect on the confuted wind profiles.    The integration algorithm 
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used was: 

fW  -  ßn  + j    ß   (Xn,   ßn)   +  6   (Xn+1,   ßn)+ h  ß   (xn,   ßn)) 

where x -   (P.   R,   vt,   a,    9,   ^   q) 

h ■ integration interval size 

interval,  the con.pJted valS S? sideSL ?ß',  t.?' "Ch int!9""== 
vane measured value   (3  )   an* ?h. i??J:2  ' ^  " compared with the 
velocity component uiiSi, Se «^ion^pf """ ^ CO,rPUte a Side"i"d 

AV = vt   (sin  ßm -  oin  ßc) 

interval. i^cucess was  repeated  for the next 

axi.^sJe^r^nVtie^y-LS^X-t«" ^^ ^ th' «hi=le'' "ody- 
alip di,turb.aSS?is prXdSed Zy 5 PoLuT^iTi^" " F"-"™ "id^ vehicle was   fiwin« . T».«„  T       , positive wind increment.     Since the 

in an e.rf,-fixed reference  frame whjh??il< f aligned with an axi« 
is oriented 9I)0 tolhe"i?craf?t h«S?«i i" " "»frontal plane and 
he. the x and y-aMsin i Sri™.-.! ^ 9' ^ "rth-axi. system used 
vehicle's headln^d ?he ?-Mir«th^1

W;th-?".?:,ri" ,lon9 <*• 

during the portion of t-ii*. mi«-Vl«   J.  i       t    sideslip disturbances" 
one of verifying? by sSU Sd^nH^J yZed-     ^ Eroh1** then becan« 
could be corLL9tedywis?raitnu:r^rc^;io^ether this ^^profiie 

portico fU^r^^e^sTSili^1;' f"0^16 f0r the ^«^ ^-t 

balloon was latched d^ng^Ich äsST^'     The f«'1«^«^ weathS 
flight operations  in ordlj9^ S^"1:881011 a8 a nor«al part of X-24B 
As 2an brseei    cor"a?a?Tin K ?tain ?wx*nt uPPer atmosphere data, 
the R^s"de'da?rÜ^ng nt^Tf Si S? WJnd.P^0fiJe8 i8 P00^ ^ 
gradients seen in Uie ?heS?e?ical orSfif U£J Wind ?hift8 and 8teeP 
computed from descent da?a S^SihP^f f        ^f?.8 wind Profile was 
mission, howev^r^od agJe^ttiS tS^^ni^^Jf"96 for thi8 

as  shown in figure 02?    TS ^?ticsl «XL? ^S proSle wa« obtained, 
was attributed to pneumatic l!« tn JK      !e^between the t»*0 curve> 

caused by the r«id r^Ss of SlliS SJS ;tatic Pressure measurement y      « rapia rates of climb and descent and resulting in pressure 
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altitude errors.     This  type of analysis was  repeated  using data  from 
flight 6  and again good correlation was obtained between the computed 
ascent and descent profiles while correlation to Rawinsonde wind data 
waa  poor.     These  results were  taken as  an indication that the confuted 
profiles could be presenting a better picture of the upper atmosphere 
wind conditions  them  that obtained  from the Rawinsonde data. 

Other independent methods of obtaining wind profiles were explored 
In an attempt  to  substantiate  the computed wind profiles.     Beginning 
with  flight 9 a  fixed ground-based camera was   used to   film the con- 
trail left by the  X-24B during the powered boost portion of the mission. 
A crude wind profile was  computed  from this  film by measuring the lateral 
movements of the contrail with time.    This analysis indicated that that« 
were sharp wind changes with  altitude and a profile was obtained with 
agreed very well    with  the computed sidewind disturbance profiles 
(figure C3).     Once  again,   the agreement with  the Rawinsonde data was poor. 

On flight 10,  a wind profile was obtained using a Jimsphere balloon 
tradeed by FPS-16  radar.     This is a more accurate  and responsive 
technique  for measuring winds  aloft and has a published capability of 
detemlnlng the mean wind value in an altitude Increment of 25-150 
Miters to within ±1.5 kts.1*    The sidewind profile computed from the 
Jimsphere wind data showed the same type of abrupt wind changes with 
altitude seen In the computed sideslip disturbance profiles.    Compari- 
son between the Jimspheredata and the winds computed during the descent 
portion of this mission was  good while the Rawinsonde wind data showed 
almost nor»-» of the steep gradients  and abrupt shifts seen In the other 
data  (figure C4). 

Jimsphere balloon data were obtained for flights  11 and 13 and, 
onoe again,  comparison with the computed profiles for these missions 
was vary good.    This agreement was  taken as verification that the 
steep gradients and abrupt wind shifts Indicated by the computed 
wind profiles were.  In fact, present In the upper atmosphere.    Based 
en this,  it was concluded that the lateral-directional disturbances 
noted during the powered boost portion of several X-24B missions were 
caused by abrupt wind changes with altitude combined with the rapid 
ascent rate.    Similar "disturbances" were often observed during the 
powered climb portly, zf flights In the X-24A, M2-P3 and HL-10, al- 
thou^i each vehicle responded somewhat differently to the disturbance." 
Zt was also noted that the Rawinsonde wind data provides average wind 
values over relatively large altitude incremsnts and does not, there- 
fore«  reflect higher frequency wind shifts such as  those seen in the 
data from the radar-tracked Jimsphere balloon. 

Ulafeienbe 14:    Anon.,  Reliability of Msteorological Data» Msteorological 
Working Group,  Inter-Range Instrumentation Group,  Document 110-71, Secre- 
tariat,  Range Commanders Council, White Sands Missile Range, New Nsxioo, 
Naroh 1971. 

"nafaranoe 151    Boey, Robert 
C-14A Lifting Body, ATPTC 
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I I I In addition  to   the above,   one   further xtem was noted.     During 
the course of  this program several  lateral-directional data maneuvers 
produced poor results when extraction of stability  derivatives was 
attempted.     One possible cause  for this is  the wind-induced sideslip 
disturbances were encountered during the data maneuver resulting in 
values  for measured sideslip angle which could not be made  to agree 
with sideslip computed  from the equations of motion with only the 
stability derivatives as  variables. 

In  summary,   this  investigation was  conducted in an attenpt to deter- 
mine  it lateral-directional  disturbances noted during the boost phase 
of several  X-24B missions could be  related to wind disturbances.     The 
approach  taken was  to compute the wind profile required to account for 
differences between the measured sideslip angle and sideslip computed 
fr-mi the eqcax-ions of motion   (the differences being,  by definition, 
uncommanded sideslip disturbances).     These conputed profiles were 
then related to  actual wind conditions by correlation with wind profiles 
by observation of the movements  in the contrail   left during the 
powered boost and by radar-tracked Jimsphere balloons.     In  addition, 
the computed profiles  for the ascent and descent of the same mission 
generally agreed quite well with each other.     Based on this  it was con- 
cluded that the type of upper atmosphere wind behavior indicated by 
the computed wind profiles could exist and that the reported lateral- 
directional disturbances were attributable to wind disturbances. 
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FLIGHT    CONTROL    SYSTEM! 
The X-24B  flight control  system was basically  an X-24A  flight 

control  system with strake ailerons added  for roll  control  in lieu of 
roll  control  on  the lower  flaps   (elevens).     The X-24A flight control 
system was described in detail in Measured Characteristics of the 
X-24A Lifting Body Flight Control System,^  and a detailed description 
will  therefore not be  repeated in tnis report.     Only a cursory analysis 
of  the system,   and the data describing the system,  will be presented. 

Syttim Qitcriptiin 

Schematic  linkage  diagrams  for the X-24B  flight control system are 
shown in figures  Dl and D2.     A control system block  diagram is given in 
figure D3.     The X-24B  flight control system was   fully powered and ir- 
reversible.     Stick  commands  in pitch and roll were transmitted to a 
hydraulic power boost actuator.     The boost actuator prevented force 
and motion  feedback to  the pilot's stick.    Outputs of the boost actuator 
were summed with stability augmentation system  (SAS)   inputs, mechanically 
mixed,   and then transmitted to the hydraulic servo  valve  driving each of 
the control  surface actuators.     Rudder pedal deflections were mechanical- 
ly mixed with SAS and aileron-to-rudder interconnect   (KRA)   inputs and 
mechanically transmitted to  the hydraulic servo valve of the rudder 
surface actuators.  An artificial  feel system gave  a sense of control 
force to the pilot under all  flight conditions.     These control stick 
and rudder pedal  forces were produced by spring bungees.     Trim was pro- 
vided in all  three axis  through electric actuators which biased the 
zero force position of the stick and rudder pedals. 

Relatively simple mechanical changes were made to  the X-24A to 
convert it  from a system which used lower flaps as  elevens   (pitch and 
roll control),  to the X-24B which used the lower flaps  for pitch control 
only and added outboard strake ailerons for roll  control.     Referring 
to  figure Dl,  the scissor linkage marked  "A" was a pitch/roll mixer 
which sent both pitch  and roll commands  to the lower flaps through rods 
which connected the outputs of linkage  "A"  to bellcranks  "C" and "D". 
Pitch commands were transmitted to linkage  "A"  through a rod which con- 
nected bellcrank  "B"  to the input of linkage  "A"   (replacing preload 
spring  "G").     Rods connecting bellcranks  "B"  and  "D",   "C"  and "D", 
linkage "A" and bellcranks  "E" and "F"   (and of course,  the aileron 
system downstream of  "E"  and  "F")   were not contained in the X-24B flight 
control system. 

20Reference 16:    Kirsten,  Paul W., Measured Characteristics of the X-24A 
Lifting Body Flight Control System, AFFTC-TD-71-12,  Air Force Flight Test 
Centerr Edwards APB,  California,  October 1972. 
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I The vehicle's   flight controls   used  two hydraulic systems  with one 
2,750  psi  and one   3,000  psi pump  in each  system   (a  total of  four pumps). 
The two systems were  independent but operated simultaneously to supply 
hydraulic pressure  to  the hydraulically dualized control surface actuators, 
the six SAS  servo  actuators   (two in each  axis) ,  and the pitch/ro1.! boost 
actuators.     Thus,   for normal operation of the  aircraft,  each hydraulic 
system provided one-half the power required to operate the control sur- 
face  actuators.     Also,   the No.l hydraulic system served as  the sole 
power source   for the No.l SAS  servo actuators,  while the No.2  hydraulic 
system provided  the sole power for the No.2  SAS  servo actuators.     During 
the X-24A program,   it was  found that  two high  pressure hydraulic pumps 
provided sufficient volume  flow  for most of the flight of the aircraft. 
This allowed the aircraft to be  flown with two of the pumps off,  except 
for the landing approach,   and thereby reduced  the hydraulic pump battery 
requirement  from four to  two.     The X-24B was  able to utilize the same 
procedure.     From launch  through most of the  flight, only the high pres- 
sure pumps were operating;   just prior to the landing pattern,   the  two 
remaining low pressure pumps were  turned on for the landing maneuver 
where higher demands  by the pilot and SAS  system might require    the 
additional hydraulic capability. 

The X-24B was provided with stability augmentation about the pitch, 
roll,  ai1d yaw axis.     The SAS was  a simple rate  feedback system used 
to augment vehicle damping.     The system for each axis was  triply  redundant, 
thus    providing  fail-operational  capability.     Bxe  fail-operational 
criterion was  that a single  failure in any axis would not degrade  the 
performance and authority of that axis. 

Seven SAS  gains were available  to the pilot in each axis through 
rotary switches in the cockpit.     Zero-gain switches were also provided 
in the cockpit  for the purpose of disengaging each axis of the SAS. 
Washout filters  in the pitch  and yaw SAS prevented constant angular 
rates,   as  sensed by the rate  gyros,   from commanding constant elevator 
or rudder deflections and allowed the SAS servos to continually operate 
from a nominal centered position. 

A lateral acceleration feedback   (ay feedback)  was added to the 
SAS during the flight program to increase the aircraft's power-on 
stability at transonic and supersonic Mach nunbers and to aid in keeping 
the vehicle  trimmed directionally with  the rocket engine on.     The 
ay accelerometer was located 15.5 feet forward of the reference center 
ot gravity to include desired yaw rotational acceleration terms.    It 
was nearly axigned with the vertical eg to minimize undesirable roll 
acceleration effects.    The accelerometer location and gain  (1.0 
deg/ft/sec)  were determined through AFFTC simulator studies.    The 
accelerometer output was added to the normal yaw SAS rate-feedback signal 
which drove the yaw SAS servo actuator.   Hie au, feedback was not washed 
out. y 

i»r 

/ 

Stick shaker and sideslip warning systems were added to the X-24B 
flight control system to alert the pilot of axeas of potentially poor 
stability and control. The stick shaker, a standard F-104 unit, was 
triggered when the indicated angle of attack reached a value of 16 de- 
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rlaton       TJ     
alerted  the pilot  that he was  approaching a mild pitchup 

nt^ *y!tom v:Lb
T
raced  ^ control  stick at a  low amplitude  and 

a   frequency of  8 Hz.     The sideslip warning system was   installed in the 
aircraft prior  to   flight 19.     The   system  produced  an  ^udio   signal  when 
the  vehicle s  sideslip angle  reached a  value of plus or  minus   3 5  deareea 
This was  installed  to warn   the pilot of areas ofpoor  diTeTionkl  stSuUy 

h^JrfVP^3^  l?Ve^  flaps'   and  upPer and lower rudders  could be 
OO^H- 

0^ward for increased stability at transonic and supersonic 
speeds  and inward  for reduced drag at subsonic speeds.     ThS upper 
onSJ.^l    ibl??e? by a  l0W  rate   trim mto:c independently of the p  lot's control stick inputs.     The upper  flap bias  power  unit also 
drove   a lower  flap bias  linkage.     The relationship between upper  flap 
bias  and lower  flap bias was   fixed mechanically by  the  flap biIs  liSaae 
and was identified in terms of the upper  flap bias position.     S the 
manual mode the pixot was  able  to bias   the  flaps to  any   desired position 
hLd!rS Sh  a ,,beeper" SWitch located on the lading icÄtS™??Je0n 
handle.     There was  an automatic  flap mode which programmed the upper 
flaps  as  a function of Mach repeater position;  hLe^erThis^de 52 
u^^8^-^^9 the X"24B P^^^-     ^he Mach  repeateriLTLv^e 
o« ?^      51r  tue interconnect and the upper flap bias.     It could be 
positioned by the pilot in  the manual  mode or would drive   from a Mach 
sensor in the automatic mode.     The automatic mode was nlver^sed.) 

^A 
A ^riai^e  UPP^ flap bias'   in conjunction with variable lower flap 

and rudder biases   (for maintaining trim),  was  used as  a speed b™Je 
d?5 nZt*? "^^ ^ purposes  in the subsonic region.      (Thfairc««: 
did not have  independent surfaces  for speed brake usage). aircrart 

^-h« « backup mode  for positioning the upper flap bias was  provided bv 
f dir^e?**/^1?8  **?*%•     The en«^^cy node system collated of 
fhi    K    electrical signal  from the  upper flap bias emergency  switch 

rudder pedal inputs.     Rudder pedal  inputs  caused movement of the uSpe? 
rudH^Sh?nly'     Jutomatic *** ™*™l ™odes were alsoUSlaSie in Sf 
lf^iaB-BJutem'    M?de selection was  available to  the pilot Jhrouoh 
M^I? !- Wi^Ch\.In tie automatic mode,   the rudders werePelect35alR 
M!I^ *    a  fun°tion 0f uPPer  flap bias position.     The rudders were 
al^f^-t" ^H^

06
 

Witl> a z****1*'  establish using the AIF?C 
ht«:= '  WJ1C    ?ave minimum trim change as  the upper and lower flap 
^?! L bfL^r96^. ^ the ,nanual rudder biM ™te,  thfpii^ ;aslap 
able  to bias  the rudders  to  any  desired position within the preset llmH-« 
sL^S 0V  "^P^^".«witch.   The automatic rudder bias^dHast^ 
standard mode  used during the X-24B  flight test program. 
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The X-24B was equipped with a mechanical aileron-to-rudder inter- 
connect (KRA) to reduce adverse yaw tendencies during rollinc. maneuvers. 
The interconnect caused the upper rudders to be deflected in'response 
to roll stick commands by the pilot.  The sense of the interconnect was 
such that right stick command (positive commanded aileron) produced 
right rudder deflection (negative <Sr) .  Roll SAS inputs were not 
transmitted through the interconnect.  Automatic and manual modes of 
the KRA gain were available to the pilot through a toggle switch. 
In the automatic node, the interconnect gain was programmed as a function 
of pilot-selected Mach repeater postion and indicated angle of attack 
(a syncro signal from the pilot's angle of attack indicator).  In the 
manual mode, the pilot was able to select any desired fixed interconnect 
gain through a "beeper" switch.  The automatic KRA mode was the standard 
mode used during the X-24B program.  This provided automatic gain schedul- 
ing as angle of attack changed, and the pilot could select the desired 
slope of interconnect ratio per degree angle of attack by adjusting the 
Mach repeater position.  Two Mach repeater settings were normally used 
during a flight; a setting which gave a high slope of KRA versus angle 
of attack for use at transonic and supersonic Mach numbers, and  a 
setting which gave a lower slope for use at subsonic Mach nuntoers during 
the approach and landing. 

An emergency KRA mode was contained in the flight control system 
for redundancy.  This mode was available to the pilot through the 
three-position automatlc/manual/emergency switch.  The automatic or 
manual position of the three position switch energized the primary 
KRA motor.  The emergency position connected the "beeper" switch to 
the second motor. Thus, the second motor was used in a manual mode as 
a fully redundant system when the emergency mode was selected. 

SyttM PtrftmaRC« 

Very few failures or malfunctions of the fli^it control system 
occurred during the X-24B flight test program.    No significant inflight 
failures were experienced.    This can be attributed to the fact the X-24B 
used,  for the roosc part,  a system whose reliability had been developed 
and proven during the X-24A program.    Good maintenance    procedures 
and personnel,  preflight functional teats which ground checked system 
operation,  and  flight operational checks through real-time monitoring 
and postflight  -iata analyses,  insured that the system reliability 
developed dusrtrif  'he X-24A program was maintained throughout the X-24B 
program.     Pailüjf« or malfunctions which occurred during flight,  or 
during preflight checks the day of a flight,  are  listed and discussed 
below.    The first failure discussed  (simultaneous  failure of three SA3 
gyros)   is significant from failure analysis standpoint. 

1.    The roll/yaw SAS failed the Spin Motor Rotation Detection   (SMRD) 
test during the captive portion of the first flight.    The SMRD test 
was performed before launch on every flight and verified that the SAS 
gyros rotated properly.    The SAS gyros in the roll and yaw axis were 
sent to the contractor for inspection.     Four of the gyros  (two in 
roll and two in yaw)  were found to be inoperative and would have 
caused total  SAS failure in the roll and yaw axes during flight.    Al- 
though the problem was felt to be caused by a combination of age and 
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rough handling,   no evidence of damage was   found by the contractor. 
Discoloration of grease in one  gyro,   and dryness and caking in another 
ware  the only abnormalities  found.     The gyros were the same  gyros 
used in the X-24A and had not been used for tome  time   (approximately 
two years) .     They had,  however,  been used and performed well,   during 
the  functional  ground tests   (such as  SAS checks,   limit cycle and 
structural  resonance  tests,  etc.)   conducted on the vehicle in 
preparation for  first flight.   They had also functioned normally during 
the planned captive  flown prior to the  failure during the attempt at a 
first glide  flight.     All gyros in  the SAS system were changed as a re- 
sult of  this  failure. 

2. The stick shaker trigger point shifted from 16 degrees  to 14.5 
degrees during flights 2 and 3.     The stick shaker system was  reworked 
to correct for temperature sensitivity,  and the problem did not reoccur 
on subsequent flights. 

3. An amber light   (indicating a single failure in the triplex system) 
was obtained xn the yaw SAS axis during the preflight ground cc atrol 
system checks for flight 10.    An investigation of the three yaw 
SAS gyros  indicated different damping characteristics between the three. 
It was  fe. t that the different damping characteristics could have 
caused the failure indication.     Therefore it was decided to replace 
all three yaw gyros.     In addition,  a loading problem between one of 
the yaw SAS channels and the instrumentation system was  discovered, 
which could also have been causing the failure indication.     This problem 
was corrected.    Changing the gyros and correcting the loading problem 
eliminated the yaw failure indication from occurring thereafter. 

4. The pitch SAS amber    light came on several times during pitch 
pulses performed with  a zero gain setting in the pitch axis during 
flight 18.    With the zero gain switch thrown,  signals should not 
pass through the SAS electronics and logic circuitry,  and a 
bi'S^f^i?^^6 Kf Se H^* path8 of the triplex system  (indicated by the amber light)  should not have occurred.    The problem was  found 
to be a failed zero-gain relay in at least one channel,  so that a signal 
was getting through at least one of the channels and being conpared with 
w-2?*n f,?11*^ :n a™*11«^ channel,   causing a miscomparison and an anber 
light.     All  three zero-gain relays in the pitch axis were replaced, 
ana the problem was eliminated. 

5. A deadband in the left hand aileron system was first observed 
(taring flight 6,  the first X-24B powered flight,  and was  later 
observed during several other powered flights.    The aileron system 
was thoroughly checked between flights 6 and 10 in an atteupt 
^.tifüf tAe ?ead^and-    Th« Egging of the system was tightened, 
SX???^*^ rePlac«d'  Preload springs were lubricated,  and rods and 
S2Ü2J 5??ri"gVere replaced.     The d«a<a>«nd continued to occur during 
pow«red flights  in spite of these efforts.     Since it seemed to 
2K!?I- ff^L"*?6 ^"J?" Progressed,  and disappeared after the 
vehicle landed,  it was felt the problem was temperature dependent.    The 
iS^^Jhi^i ^ li5e Va8  jUft fo™rd of the left^il^A «cj^tor 
SX'aiJiSft^ akin 8«r.Sd return hydraulic lines were routed close to 
«5 JJl f^v      ■ a    ,' on *£• acce88 door to the actuator bay,   just aft 
hfJ?^?* Vent-     lt W,ia felt ^^ when L0X ^nted overboard,   the left 
hand aileron conpartmsnt became significantly colder than the right side, 
tllue cold-eoaking some components in the left aileron system causing 
tne aeadband to occur. 

:  ■■■ »■mmmm 
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In order to confirm cold-soaking as  a possible cause of  the 
deadband problem,   a lab test was  performed on a spare hydraulic actuator 
by routing one pair of pressure  and return lines  through  a liquid nitro- 
gren  locker  to demonstrate  the effect of cold hydraulic  fluid.    As the 
lines were chilled,   a deadband approaching the amount of deadband exper- 
ienced  in  flight was  observed. 

With  this information,   the following modifications and alterations 
were made  to the vehicle's  aileron system: 

1. The hydraulic  lines to the  left hand aileron actuator 
were  rerouted away  from the access door and wrapped with 
thermal insulation. 

2. The aileron actuator access door was  insulated with a 
one inch thick polyurethane blanket. 

3. Control position transducers   (CPT's)   were installed on 
the right hand and left hand aileron drive systems  at three 
locations  to determine where  the deadband occurred in the 
system if the above two modifications did not eliminate the 
problem. 

4. Temperature sensors were installed on the inside surface 
of both leCt and right aileron actuator access doors and in 
the compartment to measure air temperature surrounding the 
actuators. 

5. Items   3 and 4 were telemetered to the control room for 
in-flight monitoring. 

After the above modifications were made,  a captive  flight was  flown 
for the purpose of verifying that the aileron deadband had been eliminated 
or reduced.    Small,  cyclic aileron inputs were initiated by the pilot 
at many points during the climb  to the simulated launch point,  and 
during a simulated X-24B flight   (while still mated to the B-52)   per- 
formed after the simulated launch point was  reached.    During this cap- 
tive  flight,  it was confirmed that the left side of the vehicle did 
get significantly colder than the right side due to cold-soaking from 
the LOX vent flow.     However,  the relocation and insulation of the left 
hand aileron hydraulic lines and components  reduced the deadband on 
this captive flight to a level which was below what had been experienced 
on previous powered flights.  The fin^T solution, however, was the modifica- 
tion of the LOX top-off procedure to min.. Aze the amount of LOX that 
overflowed from the LOX vent port forwa'-d of the aileron compartment. 
Falrti Ttst Data 

The flight control system data presented in this report was ob- 
tained from a complete, detailed ground test performed on the aircraft 
before the first flight (February 1973) and from checks on individual 
functions which had been changed after the February 19 73 test was per- 
formed.  Hie data presented in this report represent the fairings of 
the individual data points obtained from the ground tests.  (Individual 
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data points will  not be presented).     This  faired  data eliminates scatter 
oJ^af^aS'riShtlfSe1^^ ,P?int8%and ^^^  represeJS^avIr^ r 
or  xert ana  right  side   deflections of control  surfaces       Thev do not 

«.U^d JuJi £rn1"ec?edf ^ "08t  functi°"s «" "»"»Hy very 

resonance standpoint.     Also    verv i i^fil  *i 7 ?!  ^7    P    r0rn a structural 

wh^Kate!alKStiCr charact«ristics are shown in figure D5. The data 
which are shown for an aileron bias of 7 deqree«» are vall/f^ !i? 
bias positions.    Aileron position and stiS^orc^ wSe^wfsljpe 

Aateral  force versus stick deflection. t~*»»a» xn 

n««^?dder Pedal
ucharacteristics,  which were  valid for all rudder bias 

positions,   are shown in  figure D6.     Rudder position aJd rudder nedal 
Son    WRne^1SO ^i?9le ^0pe'   :Linear actions of ruSer pedal ^Jec- 
lh/?; -n^ K r P^fl^^ing was  5.75  deg/in,   force  gradient was 21 5 

b^i"^ ebie^ralfS?Sn ^Sir^^' 
aiono w??f Sl1?^^^^1^'     f1680 ^^ions are sh^n irSgu^D? 
ierS -2^o    Ü 5    Ch deJlection-     limits of upper flap bias travel 
52 uSits iere^et ^t f?n T^ 0f S*16 fUght teat P^gr^m.    RuSir 
Pull .ilck ^?f!«!?«        "^ toJexo degrees  for most of the program. 
nSlon JrL^hi ?ti0n8*?r0di1?ed «PProximately ±20 degrees of flip 
??^ ? . the lower flaP bias position.     Full  longitudinal trim aave 
±14.1 degrees of flap motion  from the bias position 9 

as 
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Ail er on-to-rudder interconnect  ratio   (KRA)   was a  fvinction of 
indicated  angle of attack  and Mach  repeater position   (figure  D8). 
Selection of Mach  repeater position   (by  the pilot)   gave  a particular 
linear slope of indicated KRA versus   indicated  angle of attack.     The 
two Mach  repeater settings  used throughout the entire program were  1.0 
for transonic and supersonic Mach numbers  and 0.3 at: subsonic  Mach 
numbers  during the approach and landing.     Percent indicated XFtA versus 
indicated angle of attack  for these two Mach  repeater positicms  are 
shown in the top half of figure D8.     KRA was  zero below 5 degrees 
indicated angL» of attack and varied linearly above 5 degrees as  shown 
in  the   figure.     Percent indicated KBA was   the dial  reading of the KRA 
indicator in the cockpit and was  related  to percent  of KRA actuator 
travel.     Thus,   indicated KRA settings were numerical values with 
which the pilots were  familiar and were not the ratios ol rudder sur- 
face deflection to aileron surface deflection   (actual KRA).    The  func- 
tion  for converting from indicated KRA to actual KRA is given at the 
bottom cf  figure D8.     An KRA. limit of 50  percent in^icate-S was  used 
throughout the program. 

Stability augmentation system  (SAS)   gains and authorities  for the 
pitch roll and yaw axis are given  m figure D9.    The sewn gains in 
each axis which were available  to the pilot durincf flight were obtained 
through seven-position rotary switches.     Disengagenent of the SAS in 
each axis was  accomplished bj   three toggle switches.     The normal SAS 
configurations  during the flight test program wer« switch positions 
6 in pitch,   5  in roll,  and 3 in yaw for supersonic and transonic 
flight,   and 4 in pitch,   3 in roll,   and 2  in yaw for subsonic  flight. 

Limit cycle ground tests were perfor^d  on the ,x-24B aircraft in 
the pitch,  roll,  and yaw axas.    A limit,cycle oacilLation is a sustained 
closed-loop oscillation of a control surface it relatively low frequencies 
Cusually 1  to 5 Hz).  The osrlUation is created when the total phase lag 
of the loop is  180  degrees and  the total  gain of the loop is high.     Ae 

loop    referred to is composed of th« feedback path in the flight control 
system from the SAS gyro to the control surface of e&rih axis   (pitch,  roll, 
and yawj , plus the aerodynamic path from the rotational acceleration pro- 
duced by the control surface to the rotational rate sensed by the SAS 
gyro.     Approximately 90 degrees of the phase lag required for a limit 
cycle   (ISO degrees)   is the aerodynamic .'»ag between the rotatinnal 
acceleration produced by the control surface deflection and the 
rotational rate of the aircraft as sensed by the SAS gyro.    The additional 
90 degrees of phase lag is created by the control system at some  fraquencies. 

For  the X-24B limit cycle ground test,  a small analog computei: was 
used to simulate the aerodynamic response of th« vehicle'in each axis   Cone 
axis at a time) .    The signal Iron the control surface position trans- 
ducer of the aircraft was the input signal to the computer.    The 
output of the computer was sent to the SAS gyro torquing motor in 
T7!4r"rCrfft tV;0«»?1«*0 the loop required for limit cycle investigations. 
Limit cycle amplitudes and frequencies were then recorded as a function 
of total axis gain.    Total axis gain was  varied on the computer.    A 
more complete discussion of flight control  system instabilities is 
given by Paul W. Kirsten, in reference 16. 
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through"^^^Therdatr^re^tf^f6  X-24B.are  given in     ^-res  D10 
(July  1973).     Ground  li^t cycle  tesfw^  Pri0r  t0  the   first  ^t 
for approxirmtel-y six months a?tlr  the  first Jf^hf  at ^^ ^^rvals 
was proven  to be  trouble-free  frL a   n™ff     fltght'   or ""til  the system 
cycle ground  test  results Stained duri™ t^6 stand^^t.    All limit 
to the July  19 73  data presentSln thiJ   L^* P^31" were  ™ry similar 
data were obtained by recording uJ?       report.     Ground  test limit cycle 
total axis  gain setting   (stfrJLgS'i^^^6  ^ fre^ncy at eacj0 e 

gam was  increased  until  the value Jas   reS^^i^   'u   The total  **1* 
oscillation  diverged.     These d^^       T   !  ?    d at which ths limit cycle 
characteristics   fS a ra'te^feeSLrsTste^17 clnl™^* grOUnd ^^^cle 
cycle gam margins  can be establishJ   * Control  system limit 
comparing known or predictedTnih?      i0r each axis of the vehicle by 
ground test  data.     Predlcted fllf?ht values of total axis gain with    * 

by thTfSi^rng'ciite^ra1! ^ ^^   f°* ** *-"* were extabUshed 

s^ouS^TesVÄ ^l^T^Tt dUring ground ^ests 
total loop gain   (^ AL    T r! pef "^-P«^  at the highest total loop gain   (KQ M^. LV KR N(sr)   expected in flight, 

limit cycle point measS«f rn^ind^sL""!0' ** di™^ 

in f^rDfJ'^ugi^^lo'na^i^ ^ in each *** «« shown 
Maximum total loo^gfins for bSäa^ f^^^8^111"11^ ^^ ^esTlts. 
test program are  shown in the flaum!      ff^f119*1? and ^e entire  flight 
Pitch,   roll,   and yaw for the x-^f-  ^^ CyCie gains ^'^^ in 
above were easily^atisfiS!   No L-STi?r?T%?nd t?e criteria shown 
observed during the entire flight tefj^ogr^    CyCle tendencie8 were 

Prior'tT^iiSrSlTght^y T^ "Tt ^^ 0n ^^ X-^B 
oscillation of a control  surfaL ,7     *     Structuai  resonance is an 
It is usually  causeS ^ c^nt^l s^tl"80"^ structural  frequency, 
sensing small  vehicle stru^ri   y^      ?ensors     (such as rate gyros) 
moving)   and sending ^es^si Sals ^aSftS^H (CaUSed by the ****?* 
structural  resonant  frequences 4^11 v?n^e co"tro1 surface.    At 
are amplified and a phas^ Ja^^^^^eS^^clrkroVt;^*18 

through flight test.     If regard    thl ^      ?"eotiv«„a„ „,„ e.t^>Iiahed 
.=-.h.t .ft« «hid. chaTÄtf.: s «'tSus^rbeen reii«d 
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control system alone,     if the phase lag from the sensor to the control 
lulf^l  i%180  de?feeS  ^ the  t0tal  systei" 9ai"  i8 high enough? Xr 
TZISI ü?      ? Wlli  sustain it8elf «no structural  resonance wili occur. 
The structural  resonance problem for the worst  case is assumed to be 
cJfsK^oon ^ ^t rhiCle  flight conditions.     Therefore,  ^TaeSdynamic 
^«w"^ computations are  required   (it is not necessary to use In 
analog computer to simulate  aerodynamic transfer functions). 

i-h- VS ?tru?tu^i  resonance  ground tests consisted simply of varying 
the total axis  flight control system gain in each  feedback path   (Sie 
ftiLtJ      m!,   a^d ^st^1310^ the system through  the use of sharp 
i^S Lr t^fx ??iVetän!-     ^ st^ct^1 resonance criterion P 

^Shf-    ? 2lf WaS   that each axi8 of the control system should be 
«if J« h    operating on  the ground at twice  the maximii, total axis 
gain to be used in  flight without sustaining structural mode vibrations. 

f «tJ 8t^tural  resonance was   found in the roll  axis during ground 
tests.     (No resonance was   found in the pitch or yaw axis at aain a«i-Mn«i 
^/0 tV^%th%nU?i,nUm 3*in to be used in flight?      Se f^ncy ^ 
^ St  ^o^af^"80^"  i8 ShOWn  in  fi5ure  D13.     Thf^^nce 
qJS  f^S^v ^^    ^Pe 0f resonance which was sustained through the 
vffhfn S; ^?       '   " ****  a PUrely ««ch^ical  resonance sustained solely 
within the aileron surface actuator and its   associated li-Jcaoe       (The 

^SSnaÄ6^*" ** SKAS 1**  tUrned 0f f > '     «" re^Sce pSSlem 
ThS diiS^r SriL^ in9 a n**^*1 danPer within each aileron actuator, 
bu? 3f??««.^?f!?*?d ^f «»«"»itivity of actuator to high frequencies 
?~„        ?0t si9ni5lcantly alter the response characteristics at Se lower 
frequencies or reduce  the maximum slew rate of the actuator! 

,     After,the «»chanical resonance in the roll actuator was eliminated 
«f^ffi resonance ground tests were again conducted on^nS^e 
axes of the vehicle.     A gain margin of a least a factor of two existed 
äs iiiJ*;; wMohen the ,naximum SAS gain to be ****in night a^fSr 
n?«hJ -/    !fhid? resonance occurred during the ground tests.    No in- 
SigJL resonance occurred during the entire  fli^U test 
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APPENDIX     E 
PREFLIGHT    SIMULATOR    STUDIES 

A thorough  simulator  investigation was  conducted before  the  first 
flight of  the  X-24B  to  define  the predicted handling qualities of the 
aircraft and  to establish  any  stability boundaries  that  may have existed. 
Also,   several  studies were  performed early in  the  design of  the  air- 
craft  for  the purpose of establishing control  system parameters   (such 
as  gains,   authorities,   surface  rate  limits,   etc.)   for  the new aileron 
system which  differed  considerably  from the  X-24A  aileron  system.     Most 
of the preflight simulator studies concentrated on  the aerodynamic 
environment  and  aircraft  configurations  that were  to be  used  for the 
initial   flights.     Since  these initial   flights were  unpowered glide 
flights,   the Mach number region was  0,7 and below,  and the primary 
configuration was  6uB = »20°,   6RB = -10°,   and 6ÄB =  7°. 

Atltrtn Anftwity «id Rat« Unit Oittrwinttl«» 

Surface  rate  and authority  limits  for the newly designed  ailerons 
were determined through simulator studies prior to  final  design.     Pilots 
were  given the  following tasks to perform in these studies; 

1. Full deflection  aileron roll  from zero  to 60  degrees 
of hank angle  at   zero,  one and maximum "g". 

2. At one  g flight conditions,  perfonp a 45 degree banked 
turn r.hrough   30  degrees of heading change and  restabilize. 

3. Repeat  task  2 with  the  roll  and  yaw SAS  off. 

Aileron surface  authorities of five,   ten and fifteen drtgreas lor 
full  aileron stick deflection were investigated  at dynamic pressures 
of 100 and 370  lb/ft2   for SAS-on and SAS-off conditions.     The Cooper- 
Harper pilot ratinas obtained from three pilots   (figure El)   indicated 
that,   it low dynamic pressures,   at least ten degrees of aileron was 
needed.     Fifteen degrees was  considered a bit sensitive by one pilot. 
All three agreed that  the five  degree authority   gave insufficient 
roll power and sluggish aircraft response.     At the hagh dynamic pressure 
the five cUagree authority was  considered good by  the pilots,  while 
ten degrees was  a bit sensitive.     Fifteen degree« was  conducive  to 
PIO tendencies.     Since  the flight regime of the X-24B would cover both 
the high and low dynamic pressure conditions,   the ten degree aileron 
deflection was  selected as  the optimum authority. 

It was also necessary to determine  the minimum acceptable aileron 
surface rate  limits.     Aileron rate limits of 5  deg/sec to 25 deg/sac 
were tried while performing task 2 with and without turbulence.    Pilot 
ratings and times to bank as a function of rate limit are shown in 
figure E2.     The lower rate limit manifested itself primarily as 
an apparent lack of roll power,  and the lower pilot ratings were due 
mainly to this characteristic.     Surprisingly,  the simulator was con- 
trollable with aileron surface rate limits as  slow as 2.75  deg/sec. 
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Pilot  ratings  of 4   (smooth       air)   and 6   (turbulence)   were  recorded  for 
this  condition.     The pilots  could not detect  any  difference  in handling 
qualities   for surface  rate   limitci  above  approximately  10   degrees per 
second.     This  result  is  primarily due  to  the high  aileron effectiveness 
and relatively high  level of inherent  roll damping   (Cj^p)   of  the X-24B. 

The aileron hinge  moment   requirements were established by 
performing a series of  rapid  dynamic maneuvers   (pullups,   pushovers, 
rolling pullouts,  etc.)   on  the simulator, using the recorded transient 
response characteristics,   in conjunction with wind  tunnel predictions 
of surface pressure  coefficients,   the maximum or minimum hinge moments 
were  determined  for each maneuver  and are  summarised in  figure E3.     The 
actuator specifications  were  conservatively established  at  10  deg/sec 
minimum rate at the highest expected hinge moment   (100,000  inch pounds 
for the normal hydraulic system casvs).     The load/slew rate characteristics 
cf the selected actuator   (X-15   rudder actuator)   are shown along with 
the  required specifications  in  figure E4. 

Pitch GtarlRg 

On the X-24A,  pitch  control  gearing varied as  a  function of upper 
flap bias position   (reference  16).     The X-24A gearing was  approximately 
±30  degrees of upper and lower flap deflection    for  full  stick  at an 
upper  flap setting of -3 degrees and ±12.5 degrees at  an  upper flap 
setting of -40 degrees   (which was  the supersonic setting).     The X-24B 
had a larger transonic trim change  than the X-24A,  and therefore  re- 
quired more  lower  flap deflection per angle of attack supersonically 
(was more stable than the X--24A) .     To be   able to achieve  the desired, 
X-24B trim angle of attack  range supersonically,  it was hecessary  to 
increase the X-24A pitch control  gearing of ±12.5 degrees to a value 
of ±20  degrees  for an  upper  flap bias of -40  degrees. 

A simulator study was conducted to establish the best  gearing for 
-20 degrees of upper flap bias   (proposed X-24B subsonic configuration). 
The study was conducted at Mach number of 0.4  and two values of dynamic 
pressure;   a low value of q = 100  lbs/ft2  and a high value of q ■  370lbs/ 
ft2.     Pilots were  given the  following tasks to do during the study; 

1. Trim to one  g;   change angle of attack by ±5  degrees 
and restabilize. 

2. Repeat task 1 with the pitch SAS  off. 

3. Do one g pitch pulses SAS-on and SAS-off. 

The gearings  used in this study were  ±10  degrees,   ±20  degrees,  and 
±27.5 degrees of elevator travel  for full  forward and full aft stick 
travel.    All pilots agreed that the aircraft with the ±10 degrees gear- 
ing was too sluggish at both high and low dynamic pressuref.    There 
seemed to be little difference between the ±20 degree  and ±27.5 
degree    gearings,   and the pilots  indicated the aircraft was quite easy 
to fly at either sensitivity.     Pilot ratings are shown in figure E5. 
The ±20 degree gearing was chosen over the ±27.5 degree gearing to allow a 
fixed gearing as a function of upper flap bias to be implemented in 
the aircraft.     It would also tend to minimize any possible PIO tendencies 
which might occur at the higher gearings. 
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Ctrivativt Stntitivity 

the x  pf^cf'^^^^^i ha^dlin? qualities study was performed on 
^nH  Tdil six-degree-of-freedom simulator.    Cooper-Harper pilot ratings 
nf J^      ,5    ?ank Were obt?ined at different flight conditions  and 
filSVi.f    jr07  8yfte,n configurations using both wind tunnel predicted 
stability derivatives and alterations applied to these derivativerto 
account  for potential errors   in wind tunnel predictions.     FuJurTJ-^B 
pilots were  used  to obtain pilot ratings.     Pilots performed  the 
following maneuvers during this study; 

1. (Sr, 6a pulses 

2. Full stick aileron rolls 

f 

3. Zero to 45° bank angle change; hold (J>=450 throuch a  30° 
heading change 3 

4. General  lateral-directional maneuvering 

Pilot ratings and times to bank were obtained at the followino 
vehicle configurations and flight conditions; 

Flight Phase 

Mach number 

Velocity (KEAS) 

a (degrees) 

Subsonic Glide 

0.7 

200 

4, 12, 16 

Approach 

0.5 

300 

6 

Post Flare 

0.4 

200 

12, 15 

Landing 
(gear down) 
0.3 

180 

8, 12, 16 

^r* »la70biaS   (,5UB
 ' "200'  Rudder bia8   (6V  " -100'  Aileron bias 

These conditions were evaluated for each of the following: 

SAS off and 0%  aileron-to-rudder interconnect gain   (K.RA) 
SAS off and high KRA schedule 
SAS on   (Kp=.08,   KR-.21 deg/deg/sec)   and low KRA schedule 
SAS on   (Kpo.08,  KR-.81 deg/deg/sec)   and high KRA schedule 

where: 

KRA aCtual = ilT^ll ll * 100   (Percent) 

a   (degrees) low KRA schedule(%) high KRA scheduled) 

0 
4 
8 
12 
16 

0 
10 
22 
37 
54 

0 
22 
60 
102 
148 

Both of these schedules were  refined prior to first flight   (see figure t>8) 
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A derivative sensitivity study w f.\s comlacted at   all. of the above 
cordition«.     Derivatives were   altorei in   the  folloving manner; 

Derivative Configuration Number De s?ci^i pt ion 

1 

2 

4 

5 

Basic wind tunnel derivatives 

Basic  derivai,'ve.'i plus  ACr   =-.00053 
per deg ^ 

Basic  derivatives plus  AC£ft=+.0005 
per deg B 

Basic  derivatives plus   ACn.   »-.0003 
per deg (5a 

Basic derivatives plus  ACn-   »+.0003 
per deg 6a 

Basic derivatives plus  AC^.  =-.00025 
per deg öa 

Basic derivatives plus 
per deg 

Basic derivatives plus 
per deg 

AC *öi ■+.00015 

ACn6r-+.00025 

Specification requirements  shown in  the data for times to bank were 
obtained from Preliminary Handling Qualities Requirements for Liftino 
WB-Entry Vehicles During Terminal Flight, ii— a- 

Pilot ratings  for the various  flight conditions and control system 
configurations are plotted versua derivative configuration in figures 
E6  through Ell.     In general,  simulator results  indicated that the air- 
craft was not very sensitive to derivative variation.     This is usually 
an indication that the basic stability of the aircraft is good, which 
indeed turned out to be the case during the X-24B flight test program at 
subsonic Mach numbers.     Pilot ratings were usually good wher   the  low KRA 
schedule was used.    The ratings were  almost always significantly worse 
when the high schedule was used.     This wa^ especially true in the gear 
down configuration at 0.3 Mach numbers.     (As discussed previously,  the 
low KRA scheduled was used in the approach and landing phase during the 
flight test program).    Most of the adverse comments and poor pilot ratings 
obtained during this study were due to the fact that the simulator 
appeared to be PIO sensitive in the lateral-directional axis.     Increasing 

^Reference  17:     DiFranco, Dante A.   and Mitchell, John F.,  Preliminary 
Handling Quaiities Beguirements   for Lifting Re-Entry Vehicle8~During 
yf"^ ff1-^' AFFDL-TR-71-54,  Air Force>Ught Dynamics Laboratonr, 
Wrignt-Patterson APB, Ohio, August 1971. J 
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co^tSr'^i^^i^^^^Tirjhr^3-"ai1 °f ** ^^ 
Derivative Configuration Number 

ie  following manner; 

Description 

1 

2 

3 

4 

5 

Basic wind tunnel derivatives 

Basic derivatives  plus  ACno=-.00053 
per deg "P 

Basic derivatives plus  AC£o=+,0005 
per deg P 

Basic derivatives plus  ACn.  »-.0003 
per deg Ma 

Basic derivatives plus  ACn-  =+.0003 
per deg o« 

Basic derivatives plus  LCo,  —.00025 
per deg "^ - — — 

Basic derivatives plus AC 
per deg 

6a 

£6r-+.00015 

Basic derivatives plus ACn.  -+.00025 
per deg or 

^-Entrv Vehicle:1 ^^.^f^yg^y^^Hr Mauiramgntg for Uftina 

conffgi?at"ninCefp[o^dV^sus deri^^0nditi^S and COntro1 *"*** 
E6  through Ell.     in aSneral    ^fof!      atlV? configuration in figures 
craft wiTnot very sSsiJii; J^*^ «suits indicated that the air- 
an indication Sit    ™tlsTc tt^ililt^TJ*riftion*    Thi8 i8 U8ually 
indeed turned out to be Se casfdUlL fh^v ^r^fiis 900d' which 

subsonic Mach numbers      Pilot ™tl^i™S ff flight te8t P™?*** at 
schedule was used/ tt« ratinol wir! -T^^^1^ ^^ when ** low *** 
when the high schedule wIsuSX      SlJ SS^Ti?1^1"0?0^ wor8e 

down configuration at 0  3 M^h nuJ«« «as especially true in the gear 
low KRA scheduled WM  used in i-S^ *,(AS ^iscus8ed previously,  the 
flight test program^    Sost Sf^e^fv«^ *** ^^^ phase dur^9 the 
obtained during^is study were^ue to S! ^T*** *n* ?<*>* Pilot ratings 
appeared to be^xo sensiSvTTn Te ^e^l^rec^al^r^reasinl 

Wrigfat-Eattegson ^oiL; A^s^Ign!00 rilgftt ^^^ ^oratoh, 
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the KRA gain aggravated the PIO tendency and hence made the pilot ratings 
worse.  During the actual flight test program, the aircraft did not demon- 
strate this PIO tendency.  A possible explanation for this discrepancy 
between simulator and flight results is given in the section entitled 
"Lateral-Directional PIO Sensitivity". 

Times to bank to 4 5 degrees for the various flight conditions and 
derivative configurations are plotted versus angle of attack in figures 
E12 through E14.  The times shown are for full roll stick inputs.  The 
results obtained usually met level 1 or level 2 of the proposed military 
specification requirements for lifting re-entry vehicles during terminal 
flight (reference 17).  Also, the times were amazingly consistent and 
did not vary significantly with angle of attack flight condition,  SAS 
gain, or KRA gain. 

Lattral-Dirtetlml PIO Smiltlvity 

A lateral-directional pilot-induced-oscillation study was performed 
on the X-24B six-degree-of-freedom simulator in conjunction with a digital 
computer program.  Although agreement between these two methods was 
excellent, final conclusions were taken from the simulator because the 
non-linear effects of the flight control system and the math model were 
included in the simulator results.  The PIO tendencies were determined 
by replacing the pilot's roll stick signal by either bank angle or roll 
rate feedback. This established a transfer function for the pilot of 
aileron input directly proportional to either bank angle or roll rate. 
Two pilot gains developed from the X-24A program were investigated for 
each feedback parameter.  Since it was uncertain as to what the actual 
inflight lateral-directional pilot transfer function would be for the 
X-24B, it was felt that using both transfer functions would adequately 
cover the range of inflight possibilities. After the loop had been 
closed by substituting bank angle or roll rate for pilot roll command 
in the simulator, the PIO tendencies were determined by disturbing the 
simulator with sharp inputs in the lateral-directional axis.  If the 
oscillations damped after the input was applied, that was an indication 
that no PIO tendencies existed; if they did not damp, it was an indication 
that the vehicle was PIO sensitive.  The PIO boundaries shown in figures 
E15 and £16 were determined very quickly, at each Mach number, by varying 
angle of attack until the angle of attack at which the oscillations were 
neutrally damped (if any) was found. 

The PIO study was performed for the following conditions; 

Flight Phase   Subsonic Glide 

Mach number        0.7 

Velocity (KEAS)       200 

6UB—20°   6RB=-10
o   6AB»7

0 

The aileron-to-rudder interconnect gain (KRA) schedules used were: 

KRA actual - ^lllll H  x 100 (percent) 
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Approach Post Flare Landing 
(gear down) 

0.5 0.4 0.3 

300 200 185 

e.g.«65% 
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Angle of Attack (degrees)    Low KRA Schedule 

5° and below 
8° 

12 
16 
20 

(%)    High KRA Schedule (%) 

0 
8 

18 
3 3 
50 

0 
18 
52 
93 

140 

E15 21 EU ^"^ftXrlr^pu:? t^jf 3t
f
Udy *** show" in -^-" 

SAS-off and SAS-on conStlons      For^h?«c
Un0ti0n!.^d 9ain8'  ^ 

occurrea only for ^e M^^in ^fsllf^^T^'AVM^pUot 

^i^n^ti^^^^tii h SIT ■?* *- SM
-°«' the Mach  region studies   (<0   7)   uf iL L     ^ f      sensxtive over much of 

transfer function.     ifan  lilerZto  Sll'rSV0 *?* "^ pilot 

used,   the Pio tendencies exiifS o«?  ^t    *&te  transfer function was 
As w.s stated in 2e prev^s sec??on    li^t **** high an^le8 of »"ack. 
the dtrivative sensitivity hlndlinaSn^t^    coim«nt? obtained during 
simulator was Pio sensitive f^;^9^^1^1!? Study  indicated that the 
vith the SAS off"    ?heir ^mJinS in!"?J'dire^tional axis especiallj 
tained using the automatic Sron^of^i7 ^f1^?3  the results ob- y 

which would indicat ^atpno?s?end  ^    angl! pilot clo8ure technique, 
flying a fixed-baseu   aSulato? t0 resPond to b™* angle while q 

were^sUgiteTd^rfng^rfuärä PI0 tende^- of the vehicle 
at which the invest!ga?ion occurred arf «w^*1"'~The flight ^ndition» 
pilots  found no Pio SndlScies ^?fioff«.    ^Z" figure El5-    *• 
confirm the simulator resSus obtainon^dUfing fli9ht-     ^ te«^  to 
nique using aileron to JoH rate SJot t^nJE* auto^tic cl°**re tech- 

than they did ^^/VT.TA^sl^^^^^ 

^FO**™l*ir£\^^ the norMl manner 
shown on the simulator dla ^000« in fl^hi   ^at  the !10 tend«ncle8 
responded to roll rate Infiir*^    ^ u    u    ight   because the pilots 
the tendenclerJid Seen rf^Sed^ch^h T?^ 0? the sim^*tor).     if 
to fia/P transfer fmctJoJs^d no? pio^Jnsit^frf/ Were PI0 "^ive 
functions   (such might be thrL«- JJK  8ens^iye to Öa/^ transfer 
Cnß  ratio),  a fixed-base s5mu?a?or i^h^^?^^/1^ a high Ch  * 
no€ predict Pio tendencies whirh™^h?      Pil?t in *** looP v°v** probably 
experienced prcvioSs!? d^ing äe^^^n^ in  fl^ht-  ^ had b«^ 
simulator, when used in a nS?mS Diloted^^n""-,  ^K  X:24A fixed-ba8e 
responding to bank angle?,  indicated St^2er l^h the pilot ^««ally 
However,  the actual  vSicle 52 fowd^o h^ Sn^V"^ PI0 ""»itive. 
Lateral-directional  Pio's we^f eSwienLS ^ 11° t*?**™*-** during flight, 
recorded data of these os^ia^LTs^rthV^e^^oTw^^aponX 
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to roll rate. Analysis using the automatic fee'lback techinque showed 
the X-24A simulator to be PIO sensitive when roii. rate was applied to 
the  roll  stick  signal. 

Ailtroi and Ruddtr RcilRivtrtal 

Roll  reversal  studies were  also perfornxcd on   the six-degree-of- 
freedovn flight simulator prior to  first   fllyht.     Predicted  rcll 
reversal boundaries were  defined  to Mach =•  1.3   ur*ing both aileron 
stick  inputs  and rudder pedal  inputs   for   roll  control.     The results of 
these studies  are  shown in  figure E17. 

No aileron  roll  reversal was  predicted over ♦'.he entire  flight 
envelope at the conditions  investigated,   which inclüs3ed  £ zero KRA gain 
and all of the stability derivative  variation«  shown on  figure E17- 
The simulator was,   however,   sluggish in  roll  at high  angles of attack 
with a KRA gain of zero.    Aileron roll  reversal was not encountered 
during the  flight test program. 

Roll  reversal boundaries obtained usiug the rudder pedals only 
for roll control  are  also shown in  figvue E17.     ^hese boundaries 
were not expected to  cause a problem durxisq the fli^-*-  test, program 
since  the  rudder pedals were not normally  used  for nwmeuveHng during 
flight.   However,   rudder roll  investigations conducted  in  fligl»*-  at  0.65 
Mach  number  and   10° a.^l;  a*   attack  showed  rudder-only  roll  respond 
similar  to  swept wing  fighters. 

HmiliiK QialWu Study ü tM Caw Qawn CaaUiaratlan 

Wind tunnel  tests conducted in the Air Force  Institute of Tech- 
nology   (AFIT)   low speed tunnel at Wright-Patterson AFB used an 
eight percent scale model of the X-24B with and without  landir.g gear. 
A comparison of the AFIT and Cornell  deta in the gear up configuration 
(see figure A27)   revealed significantly lower values of Cnb   (50  to 
60 percent in the a " 4  to  16 degree range)   from the AFIT tunnel. 
Lower values of C™     (30  to 40 percent)   as well  as lesser changes in 
other aerodynamic coefficients were also predicted in th« AFIT tunnel. 
(No aileron or rudder derivatives were obtained in the AFIT  tunnel.) 

A comparison of the gear up and gear down AFIT data showed a large 
reduction in CnR   (-.00055 per degree),  a small change in CJU  and Cyg, 
and insignificant changes in Cm and CM with the landing gear extended. 
Further wind tunnel  tests  indicated that  the nose gear doors were a 
major contributor to the reduced gear down values of Cn^. 

As  a result of these tunnel data,  a  five-degree of-freedom simulator 
study was conducted to assess the effect of the landing gear  (and doors)   on 
the handling qualities of the vehicle.     Four sets of aerodynamic data 
were  used in the simulator for this study; 

1. Gear up Cornell wind tunnel data without any modifications. 

2. Gear down Cornell data, which was gear up Cornell data 
with Cnft reduced by a value of -.00055 per degree (the in- 
cremental value between the gear up and gear down AFIT data). 
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3. Gear  up AFIT  data  in which  the  gear  up  values of Cnft 
Cfcg,  Cyß,  Cm,   and CN obtained  from the AFIT tunnel were 
used. 

4. Gear down AFIT  data in which  the gear down values of 
cno»  CIQ'  cya'  cn»'   an^ CN obtained  from the AFIT tunnel 
were  used. 

In all   four cases,   the rudder and aileron derivatives obtained  from 
Cornell data were  used.     All data were   for a control system configur- 
ation of 6UB =  -20  degrees,   ÖRß = -10  degrees,   and SAß ■   7 degrees, 
and   eg  of   66  precent. 

The pilots were  given several  tasks to perform on  the simulator; 

1. Roll  and yaw pulses with  the SAS on and off at one  g 
flight conditions. 

2. Zero to 45 degree bank angle change;   hold <|»»45 degrees 
through a  30  degree heading change and then restabilize 
wings  level.     (SAS on and off at one g flight conditions.) 

3. Repeat task 2    with roll  SAS  off only and yaw SAS off 
only. 

4. Check  lateral  PIO tendency by tracking bank angle. 

Two airspeed conditions were investigated; 

1. Ve»270 Kts,  q«245 psf, a»6  degrees maximum expected 
airspeed condition at gear extension).    KRA actual-45 
percent 

2. Ve-170 Kts,  q»100p«f,  a»12.3 degrees   (approximate touch- 
down condition).     KRA actual=92 percent. 

The results of the simulator study are summarized by the pilot 
ratings shown in figure    E18  .     The poorest rating with the SAS on 
was  3.0 and with the SAS off was  5.5.    The SAS-off rating was due 
to the tendency toward a lateral-directional PIO.     In all cases the 
simulator was adequately controllable and deemed acceptable by the 
pilots.    As was discussed previously,  the actual  flight vehicle 

'proved to have very good SAS-on handling qualities during the landing 
flight phase. 

Alitrti-Tt-lliMtr mttreMitet (KRA) Dtttimliatiti 

The six-degree-of-freedom flight simulator was  used prior to first 
flight to establish the KRA gain schedule to be used in the actual 
vehicle.    The X-24B p4lots were asked to select which KRA gain  they pre- 
ferred at angles of attack of 4,   8,  12,  and 16 degrees and at the follow- 
ing flight conditions: 
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Subsonic Gild« Approach Landing 
(gaar down) 

Mach 0.7 0.5 0.25 

V#(KB) 200 300 160 

All of cna condition« wara for «üB—20 dagraaa,  «RB»-10 dagraa«, «At" 
7 dagraaa» and a   eg    of 64 paroant.  Two 8AS galna In roll and yaw 
wara uaad in tha atudy. 

Tha KRA gain valuaa which pilots salaotad for aaoh of tha abova 
conditions ara shown as sysbols in figura E19.    Tha data indicatad 
tha pilots prafarrad a highar slops of KRA varsus o for tha Mach 0.7 
glida condition and tha Nach 0.5 approach condition, and a lowar slop« 
during tha landing flight phasa.    Tha approach phasa was not axtraaaly 
critical to intarconnact gain, so that during tha actual flight tast 
progran, tha changt to tha lowar slops was nada at tha baginning of 
approach.    Tha data also ahowad that a lowar intarconnact gain was 
prafarrad with tha lowar ya* 8A8 gains.    Sinca it was dscidad to usa 
a yaw gain of 0.21 dag/dag/sac during flight, tha data shown in figura 
119 for Kir0.21 dag/dag/sac wara usad to astablish tha XXA schadula. 
Basad on thasa rasults, two sohadulas wara prograiomsd in tha aircraft, 
a low slops of KRA varsus o to ba uaad during tha landing phasa, and a 
hiohar slops to ba usad in all othar ragions of tha flight anvalopa. 
(Tha highar slops datarminad during this study was latar varifiad to ba 
adaquata at Naoh nuabars graatar than 0.7.)    Tha sohsdulas which wara 
salantad, and which raprassnt a bast oonpromiss of all tha data obtainad 
from tha study, ara shown in fioura 119.    A limit of 50 paroant waa in- 
stallad in tha vshicls to minimisa tha affaot of a potantial hard ovar 
of tha KRA actuator on tha handling qualitias of ths vshicls.    (A high 
valua of KRA was pradictad to strongly inoraasa tha lataral-diraotional 
PZO tsndancias ajpacially at tha low anglas of attack.) 

KRA sohadulas astablishsd during tha simulator study provad to ba 
adaquata and wara not changad. 
IM III! DMMtlilHN 

Savan 8A6 switäh positions wara availabla on tha X-24B in aaoh of 
tha thraa axis.    Thaaa ssvan switch positions providad linaar voltaga 
outputs which wara to ba usad for SAfl gain valuss.    Sinca tha control 
surfaoaa for pitch and yaw wara idantical to thoaa on tha X-24A, it was 
assumsd that tha X-24A ranga of SAf aains would ba adaquata.    Tha naw 
ailarons, howavar, dictatad that a simulator study ba conduotad to 
datarmina tha ranga of roll fAI gain valuaa to ba usad.    Both maximum 
and minimum gain valuaa wara oonsidarad in tha atudty.   Maximum valuaa 
wara astablishad by oonsidaring lataral-diraotional handling qualitias 
and damping oharaotariatios.   Minimum roll iAi gains wnrs daairad for taat 
manauvars for stability darivativa axtraction, and tha potantial naad 
for aliminating any oontxol systam inatabilitiaa, such aa limit oyoling 
or atruetural raacmanoa which might occur. 

Tha study was parformad using tha AFTTC tix-dagraa-of-fzaadom 
flight aimulator and tha NASA-OTRC all-digital CONTROL program. 
Flight conditiona invaatigatad wara; 
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Mach number a (degrees) 

4, 12, 16 
4, 12, 16 
4, 12, 16 
4, 12, 16 

Velocity (KEAS) 

0.5 
0.8 
0.95 
1.3 

200, 250, 300 
200, 250 
175, 200, 250 
200, 250 

The pilots  performed  the  following tasks  in  this  study; 

1. Rudder and  aileron doublets  -  to measure   frequency and 
damping 

2. Full  aileron  rolls  -  to measure  times  to bank. 

3. General   lateral-directional maneuvering -   from which 
qualitative cuimnents  with   regard   to  sensitivity,   sluggish- 
ness,   etc.,   were  obtained. 

Typical  dutch  roll mode   frequency and damping characteristics  as 
a function of roll  SAS gain are shown in  figure E20   for a Mach number 
of 0.9 5 and an  angle of attack of 12 degrees.     The migration of the 
roots shown in the  figure was  typical of most cases investigated. 
It showed that the roll  damping increased as  the gain was  increased 
to values between 0.2  and 0.3 deg/deg/sec.     Increasing the gain above 
these values generally tended to decrease the damping and frequency 
slightly. ^ ^ JT 

Times to banks obtained  from the full roll stick inputs were not 
a strong function of  roll  SAS gain,   at least up to a gain value of 0.26 
deg/deg/sec which was  the maximum value  investigated. 

The most desirable roll  gain value obtained  from pilot comments 
for general maneuvering in the flight simulator was between 0.1 and 
0.2  deg/deg/sec for all  cases investigated.     Increasing the gain above 
0.2 deg/deg/sec did not seem to help the damping significantly.     At a 
gain of 0.3 deg/deg/sec,   the roll response appeared to be getting a 
bit sluggish for most cases.     This roll SAS  gain value was  felt to be 
an adequate maximum for the X-24L  flight envelope.     The simulator 
indicated that the vehicle was  somewhat PIO sensitive with  the roll 
SAS off or at low values of 0.05 deg/deg/sec or less.     The tendency was 
eliminated at gains  above  this value however.     Thus   from a handling 
qualities standpoint,   a gain value of approximately 0.05 deg/deg/sec 
appeared to be an acceptable minimum.     To satisfy these requirements, 
the roll SAS gain schedule as  a function of switch position shown in 
figure DS was installed in the vehicle.    This gain schedule proved to 
be adequate  for the entire  flight test program and was never changed. 

The pitch SAS gain chosen for the    initial  flights was based on a 
parametric study performed on the six degree of freedom simulator. 
Pitch tasks were evaluated at conditions of subsonic glide   (.7M/200KEAS), 
final approach   (.5M/300KEAS),  speed overshoot on final approach   (.5N/ 
330KEAS)   and landing   (.3M/190KEAS).    A pitch SAS switch position of 
4 was chosen based on the best compromise between obtaining satisfactory 
limit cycle gain margins and achieving acceptable aircraft damping. 

■^.""»^ff   ' l1'1."    ■■■'."rv ""^ '■•-?■"'P.*.". J—ry- 



This  gain worked well  and was   used  for  the entire  research program during 
the  landing phase.     At  the higher speeds  attained  during powered  flight, 
increased damping was   required  to offset the higher pitch natural   fre- 
quency.     A simulator study   indicated that  the highest switch position 
would be  desired.     Th^  first powered  flight was   flown with  a switch 
setting of  7.     For  the"vemaining  flights  the setting was   reduced  to 6 
to provide  an adequate   limits-cycle margin in  the   .95 Mach  area where 
the  lower  flap effectiveness was  considerably  greater. 

Yaw rate   feedback was   relatively ineffective  in providing dutch  roll 
damping.     Hence  a yaw  rate   gain was  chosen in conjv^ctionwich the aileron- 
to-rudder interconnect.     High yaw SAS  gain values  tended to negate the 
KRA and produce poor  turn  coordination.     A yaw  SAS  switch setting of 2 
was   found during simulator studies to be  satisfactory   for initial  flights. 
However,   prior to the  first powered  flight,   studies on  the simulator 
indicated  that increasing the yaw gain switch setting to   3 would pro- 
vide more optimum yaw  damping at  the higher Mach numbers  and lower 
dynamic pressures  to be experienced during the boost.     This proved to 
be  a proper selection  in that  the setting was  used   for this phase of 
if light throughout the program. 

214 

t    - 



list    of    symbols 
SYMBOL 

AEDC 

AFFDL 

AFFTC 

AFIT 

ay 

b 

c 

eg 

CL 

Cl 

Clp 

CÄR 

C^a 

C^r 
cm 

Cma 

^Aß 

Cm«eL 

CmSRB 

CN 

CNa 

DESCRIPTION 

Arnold Engineering Development Center 

Air Force  Flight Dynamics Laboratory 

Air Force  Flight Test Center 

Air Force  Institute of Technology 

Lateral Acceleration 

Reference  span   (19.0) 

Reference  chord   (37,5) 

Center of grayity   (reference 66%) 

Lift coefficient 

Rolling moment coefficient 

8C£/3  |^ 

3C£/3  H 

act/as 

acfc/asa 

3CÄ/'J6r 

Pitching moment coefficient 

9cm/3  ^ 

3Cm/9a 

3Cm/36AB 

acnv/a^eu 

iCm/d&RB 

Normal  force coefficient 

3CN/6a 

3CN/3fi8L 

Yawing Tnoment coefficient 

UNITS 

g's 

ft 

ft 

inches or % c 

per radian 

per radian 

per degree 

per degree 

per degree 

per radian 

per degree 

per degree 

per degree 

per degree 

per degree 

per degree 

per degree 

SI 
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SYMBOL 

Cnp 

Cn 

-n 

R 

!•■ 

c     * 

'16 i 

Cn6r 

CPT 

Cy 

% 

CY6a 

g 

Ixz 

Iz 

j 

Kp 

KQ 

KR 

KRA 

LOX 

M 

MMLE 

M6eL 

DESCRIPTION 

3^n/9 2V 

9Cn/3ß 

Dynamic u^ 

acn/a^r 

Control position tranducer 

Lateral force coefficient 

acy/ag 

Ky/aSa 

3CY/36r 

Acceleration of gravity (32.17405) 

Rolling moment inertia 

Product of inertia 

Pitching moment inertia 

Yawing moment inertia 

Imaginary axis unit vector 

Roll SAS gain 

Pitch SAS gain 

Yaw SAS gain 

Aileron to rudder interconnect gain 

Liquid oxygen 

asb, Co 5a 

Mach number 

Modified Maximum Likelihood Estimator 

qsc 

UNIT 

per radian 

per radian 

per degree 

per degree 

per degree 

per degree 

per degree 

per degree 

per degree 

ft/sec2 

slug-ft2 

slug-ft2 

slug-ft2 

slug-ft2 

deg/deg/sec 

deg/deg/sec 

deg/deg/sec 

deg/deg 

rad/sec2 

Iy   ^.j rad/sec' 

fSl', '    '"'i!^: .' '      "* "■:->*■ '-^IJ-'■.:'". 
.ilil. Iljl   uti....-,^ ,. 'm.,,^^^M^£tm ^ .^ ^ ■Wfflll ',r^-,^^--»^yr',n---<if- 



' SYMBOL DESCRIPTION 

t 

NASA-DPRC National    Aeronautics and Spa 
istrat.lon  Dry«en Flight Resea 

N6r ^^r 
1 P Roll  rat« 

PIO Pilot induced oscillation 

Q Pitch rat« 

g Dynamic pressure 

R Yaw rate 

s Reference area   (330.5) 

SAS Stability augmsntation systen 

SMRO Spin Motor Rotation Detector 

• 
Vt True airspeed 

Ve Equivalent airspeed 

• w Weight 

a Angle of Attack 

6 Angle of sideslip 

A Prefix indicating increiwmt 
ÖAB Aileron bias position 

Sä Aileron position 

6eL Lower flap position 

5*0 Upper flap position 

6RÄ Rudder bias position 

6r Rudder position 

6UB Upper flap bias position 

» C Dasplng ratio 

G Pitch angle 
» * Bank angle 

UNIT 

rad/sec^ 

deg/sec 

de g/sec 

lb/ft2 

deg/sec 

ft2 

ft/sec2 

knots 

lb 

degrees 

degrees 

degrees 

degrees 

degrees 

degrees 

degrees 

degrees 

degrees 

degrees 

degrees 
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SYMBOL 

di. 

DESCRIPTION 

Damping  frequency 

Natural  frequency 

Break  or corner   frequency 

UNITS 

rad/sec 

rad/sec 

rad/sec 

/ 

SI 
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